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ABSTRACT OF THESIS

PITCH-BASED CARBON FIBER DERIVED FROM COAL EXTRACT LIQUIDS
Limited coal coking operations and the use of coal-tar pitch as a binding agent in
the production of metallurgical anodes has led to a limited availability of coal tar pitch for
carbon fiber products. This has sparked interest in utilizing non-metallurgical coal-based
liquids as an alternative to traditional coal tar from metcoke operations. This can be
achieved by low severity solvent extraction, with heavy aromatic solvents, to produce coal
liquids that act as precursor to pitch-based carbon fiber. This thesis aims to establish the
processing and determine the impact of utilizing coal liquids to produce carbon fiber. In
this work the yield (wt.%) from coal liquids to carbon fibers is directly compared to the
yield from the solvent (without coal) to carbon fibers. Results indicated that the yield
(wt.%) for coal liquid derived from a FCC decant oil-coal slurry and creosote-coal slurry
to isotropic pitch was nearly four and nine times greater than the yield to isotropic pitch
from decant oil and creosote without coal, respectively. The carbon yield (wt.%) from
green fiber to carbon fiber was similar for creosote-coal slurry-derived fibers (70.9%) and
creosote-derived fibers (66.1%).
KEYWORDS: Carbon Fiber, Mesophase Pitch, Coal Liquids, Isotropic Pitch, Melt
Spinning
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CHAPTER 1. BACKGROUND
1.1

Introduction

Carbon fiber possesses a variety of advantageous qualities—such as high tensile
strength, low density, and low thermal expansion[1] — that have led to its application in
industries, including automotive, aerospace, sporting equipment, and wind power [2, 3].
Carbon fiber properties are highly dependent upon the precursor material used, as well as
the processing techniques employed [4-6]. As a result, a variety of precursor materials have
been extensively researched to optimize the production of carbon fibers. Precursor material
for carbon fiber primarily includes polyacrylonitrile (PAN), pitch, and rayon.

PAN-based fibers have been dominant in the carbon fiber industry, due to good
strength, modulus, and toughness properties [7]. However, mesophase pitch precursors
offer the advantage of relatively inexpensive raw materials, untensionsed thermal
conversion, and higher modulus and thermal conductivity when compared to PAN-based
fibers [7, 8]. Additionally, pitch-based carbon fiber has a higher carbon yield at
approximately 85% by weight, when compared to PAN fiber with only 50-55% [7]. Table
1.1 shows a comparison of mechanical properties for PAN, isotropic, and mesophase pitchbased carbon fibers [9-11]. Unfortunately, pitch-based carbon fibers often have lower
tensile and comprehensive strength than PAN-based carbon fibers.
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Table 1.1. Tensile properties for isotropic pitch, mesophase pitch, and PAN-based carbon
fibers.
Precursor Material

Tensile Strength (MPa)

Tensile Modulus (GPa)

Isotropic Pitch[9]

670-850

30-37

Mesophase Pitch [10]

2600-3800

420-900

PAN [11]

3530-7000

230-588

In addition to lower tensile strength, another problem that plagues the pitch-based
carbon fiber industry is precursor availability. Specifically, coal tar pitch is an important
component in the production of numerous carbon materials. Most notably, coal tar pitch is
used as binder pitch that is blended with petroleum coke for the production of carbon
anodes used in primary aluminum smelting [12]. As a result, the aluminum industry alone
accounts for the greatest demand for coal tar pitch. While this industry has grown, North
American production of coal tar pitch has declined due to coke oven closures triggered by
economic and environmental concerns [13]. The combination of increasing demand and
decreasing supply has resulted in a deficiency of coal tar pitch. This has led to the
exploration of alternative precursor materials to be considered for pitch production [14].

Petroleum pitch is one commercially available alternative that can be produced
from a variety of by-products from the petroleum industry, including vacuum distillation
residue, catalytic cracker bottoms, ethylene tar, etc. [15]. Uses of petroleum pitch include
isotropic and mesophase carbon fibers, and other high-value products such as carbon
aerogels and carbon foams [16-18]. Figure 1.1 illustrates a comparison of the molecular
representation of coal tar pitch and petroleum pitch for molecules that produce mesophase

2

[19]. One apparent distinction between these molecules is the presence of aliphatic side
chains in the petroleum-based mesophase pitch, and the presence of more aromatic carbons
in coal tar-based mesophase pitch.

Despite extensive research, methods for producing mesophase pitch from
petroleum feedstocks have resulted in low pitch yields, reported around 10-20 wt.% [20]
and 20-30 wt.% [21]. Comparatively, the yield for mesophase pitch derived from coal tar
pitch has been reported between 44-65 wt.% [22]. Kim et al. [23] also reported a lower
yield for petroleum-derived isotropic pitch compared to coal tar-derived isotropic pitch.
Slurry oil and coal tar were subject to the same two-stage distillation processes until an
isotropic pitch with a softening point temperature near 300 °C was produced. The yield of
slurry oil to petroleum pitch was 11.6 wt.%, while the yield for coal tar to coal tar pitch
was nearly double, at 22.1 wt.%. This low yield limits the economic feasibility of largescale production of carbon fiber from petroleum pitch materials and has led to further
research interests. For example, Park and Mochida [21] utilized a two stage heat treatment
process consisting of pressurized condensation followed by rapid concentration of
mesogens under vacuum. This allowed for higher yields of 40-45 wt.% to be achieved.

3

Figure 1.1. Molecular structure of coal-tar and petroleum-based mesophase. Reprinted
from Carbon, vol.29, no. 7, K. Azami, S. Yamamoto, T. Yokono, and Y. Sanada, In-situ
monitoring for mesophase formation processes of various pitches by means of hightemperature 13C-NMR, pp. 943-947, Copyright (1991), with permission from Elsevier.
Another alternative to coal tar pitch involves converting raw steam coal to pitch via
pyrolytic and thermochemical conversion [14]. Isotropic pitch-based carbon fiber [24] and
mesophase pitch-based carbon fiber has been successfully produced [25] by using a direct
coal extracted fraction (hyper-coal) derived from bituminous coal subjected to solvent
extraction in 1-methylnaphtalene [26]. Similarly, isotropic carbon fibers and activated
carbon fibers were synthesized from isotropic pitch stemming from coal solutions derived
from solvent extracted bituminous and subbituminous coal [27]. Despite this success, direct
use of coal in the production of carbon fibers is not fully realized and research is limited.

Comparatively, much research exists detailing liquefaction of coal for its use as a
transportation fuel alternative to petroleum products [28]. This research, in combination
with pitch-based carbon fiber research, must be reviewed comprehensively to understand
4

the chemistry, structures, and properties of carbon fibers produced from coal. The aim of
this thesis is to establish the processing, and determine the impact, of utilizing coal to
produce mesophase pitch-based carbon fiber stemming from coal extracts using heavy
aromatic solvents. The following section reviews literature related to current pitch
precursor materials, isotropic and mesophase pitch, and carbon fiber production.

1.2

Pitch Precursors

Pitch is primarily derived from coal tar and petroleum distillation residues, but can
also be produced from a variety of other materials such as naphthalene, anthracene, and
shale tars [7, 14]. The definition of “pitch” varies, as the word generally describes a tarlike, or tarry, substance derived from a plethora of natural and synthetic precursor materials
[3, 7]. This material is typically a glassy solid at room temperature, that is an
inhomogeneous, complex mixture of polycyclic aromatic hydrocarbons containing
substituted side groups—mostly methyl groups—and heterocyclic compounds [3, 6, 7].
Pitch is most often characterized by its softening point temperature. Regardless of the
precursor, a wide range of molecular species with varying molecular weight are contained
in the pitch [29]. Such complexity drives the need for specifications of chemistry, structure,
and properties of pitch as it relates to precursor material for carbon fiber.

1.2.1

Coal Tar

Coal tar pitch is a recovered by-product from the coking of metallurgical coal. In
the coking of metallurgical coal, destructive distillation (“coking”) of coal produces both
coke and sludgy tar. The coke produced is mostly carbon and is a solid that is used in the
5

steel and iron industries. In this process, coke is placed in a blast furnace alongside iron
ore and limestone and is reacted with the blast air (oxygen) to produce carbon monoxide
that in turn reacts with iron oxide to reduce it to metallic iron [30].

Once separated from the coke, the sludgy tar is distilled to obtain a light, medium
and heavy cut. The fraction produced above 350 °C, the heaviest cut, is regarded as coal
tar pitch [7]. Although, most coal tar pitch is produced from the coking of metallurgical
coal, additional processes in which coal tar pitch can be produced include solvent
extraction and gasification [31]. Coal tar pitch has also been generated as a by-product in
solvent extraction of coal for anode coke production. In one solvent extraction experiment,
coal was combined with anthracene oil, a coke oven by-product, that acts as a low cost
solvent for the dissolution of coal [32]. The coal was reacted in a digestion reactor with the
anthracene oil, and mineral matter was removed to obtain a coal solution. Following
filtration, the coal solution was fed into a coking drum, where green coke or pitch was
produced as a final product [32].

Similarly, coal gasification, via Fischer-Tropsch reactions to convert coal to liquid
fuels, is another process in which pitch is a by-product. In this process, syngas is produced
from coal, using hot steam and oxygen in a coal gasifier [33]. This syngas is scrubbed with
water and further purified by removal of CO2 and H2S and the product is used for FischerTropsch synthesis. Syncrude, a raw Fischer-Tropsch product containing a mixture of
hydrocarbons, is produced. The syncrude is then separated into naphtha, distillate, and wax
that can be converted to gasoline and diesel [33]. Early during this purification process,
pitch is produced as a by-product [31].
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1.2.2

Petroleum

During petroleum refining, crude oil is converted into a variety of profitable
products and less profitable by-products. Typical byproducts of separation processes
include the heavy fraction, petroleum residues, such as atmosphere residue (AR), vacuum
residue (VR), and de-oiled asphalt [34]. Additionally, fluid catalytic cracking (FCC) decant
(slurry) oil may be produced from further petroleum refining. During catalytic cracking,
heavy petroleum residues are broken down into lighter molecules by cracking catalysts
[35]. Additional gasoline is produced and separated, and the heavy slurry oil remains. This
product, in addition to AR, VR, and other petroleum by-products can be used to make
petroleum pitch.

In the conversion to pitch, these products undergo further treatment processes, such
as prolonged heat treatment and distillation [7]. Variance in treatment times and
temperatures, as well as different residues, can result in pitch products with differing
aromaticity [7]. This difference is crucial, as greater aromaticity is required to produce high
quality coke needed for the primary smelting of aluminum [36].

1.2.3

Alternative

Advancements in ferrous metallurgy processes have led to a reduction in blast
furnace operation. This, and environmental considerations surrounding the coking process,
have led to a limited supply of coal tar pitch [14, 37]. This, coupled with the wide-spread
application of coal tar pitch in the production of many carbon materials, and the
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overwhelming consumption in the aluminum industry, has sparked interest in alternative
methods to produce pitch, or pitch like materials. Petroleum pitch is one alternative to coal
tar pitch, although concerns with impurities, such as high sulfur content and lowered coking
ability [14] limits application potential.

As such, methods that involve the combination of coal tar pitch and petroleum pitch
have been explored. Perez et al. [38] studied the effect on mesophase development by
blending coal tar pitch with petroleum pitch in varying ratios and pyrolyzing at 450 °C for
a residence time of 30 minutes, and found that new pitch blends could be produced with
different mesophase content and sizes. Additionally, Sharma et al. [39] studied the effect
of blending petroleum pitches with coal tar pitches on carbon/carbon (C/C) composites and
found the petroleum pitch-based composites performed worse in flame ablation, flexural,
and compression tests than the coal tar pitch composites, but could be improved by mixing
with coal tar pitch. This improvement was attributed to the higher carbon content and lower
quinoline insoluble content of coal tar pitch when compared to petroleum pitch used in this
study [39].

Other alternative methods for pitch production involve the conversion of coal to
coal-liquids and then pitch. The validity of this method is based on the similarity in
chemical composition and structure between coal and coal tar pitch. Coal tar pitch is a
complex mixture of aromatic hydrocarbons and some heterocyclic compounds, that is
heterogenous, and contains small amounts of nitrogen, sulfur, and oxygen [7].
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Comparatively, coal is heterogenous, consists of a complex mixture of aromatic
hydrocarbons and other heterocyclic compounds, and contains various amounts of
heteroatoms, depending on coal rank and geographical location [28]. The coal organic
matter has been described as a combination of oligomeric and multimeric molecules that
form a 3-D structure with “properties of an amorphous-crystalline crosslinked polymer”
[14]. Additionally, coal contains varying amounts of inorganic compounds, termed mineral
matter. Matthews et al. [40] compiled a variety of historical representations of coal that
have attempted to capture the structural complexity of coal. One model that represents the
complexity of a bituminous coal is provided in Figure 1.2 [41].

Figure 1.2. Molecular representation of Pocahontas No. 3 low-volatile bituminous coal.
Reprinted with permission from M. R. Narkiewicz and J. P. Mathews, "Improved lowvolatile bituminous coal representation: incorporating the molecular-weight distribution,"
Energy & fuels, vol. 22, no. 5, pp. 3104-3111, 2008. Copyright 2008 American Chemical
Society.
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Many of the existing methods for converting coal to coal liquid were developed
after the oil crises of 1973 and 1978, as a means to supplement petroleum-based liquid
transportation fuels [28]. This was driven by an abundance of coal resources in the United
States, and ongoing political and environmental concerns with petroleum-based fuels. Two
main processes exist for coal to liquid (CTL) conversion: direct coal liquefaction (DCL)
and indirect coal liquefaction (ICL).

DCL typically requires high temperature and high pressure to hydrogenate coal,
and directly convert coal to a liquid [28]. However, the challenges of facility
manufacturing, safety, and cost [42] of high temperature and high pressure operation have
led to exploration of mild operating conditions and optimized hydrogen donation ability of
solvents in DCL. Yan et al. [43] detailed the use of a petroleum residue, FCC slurry oil, to
solubilize pulverized coal by reacting it in an autoclave at temperatures ranging 600-800
°F and pressures ranging 0-1000 psig. The resultant coal conversion was reported at 85-90
wt.%, calculated on an ash basis.

During the hydrogenation process, hydrogen gas or a hydrogen donor solvent (Hdonor) is used as the hydrogen source [42] and may be used in the presence of a catalyst
[28]. Hou et al. [42] utilized density functional theory (DFT) to propose a method for
selecting the best H-donor candidates and found that molecules with low C-H bond
dissociation enthalpies (BDE) have the greatest donating ability. Other research has aimed
interests at reducing mineral matter in the coal liquid. In a two-stage coal liquefaction
process, Cloke et al. [44] outlines several ways to reduce mineral matter. Regardless of
intended coal liquid use, this mineral matter removal is essential to high quality coal liquid
10

production [26]. Aromaticity and molecular weight are among other factors that must be
considered when selecting an appropriate H-donor solvent [28].

Although much research exists for the production of coal liquids for fuel substitutes,
less research is prevalent for pitch production and uses. Derbyshire et al. [27] analyzed
general-purpose carbon fiber (GPCF) and activated carbon fiber (ACF) produced from a
variety of sources, including coal tar pitch, petroleum pitch, and coal liquefaction solutions
produced by solvent extraction. Similarly, Shimanoe et al. [25] hydrogenated hypercoal—
an ash-free coal produced by direct solvent extraction in 1-methylnaphthalene [26]—by
heat treatment with tetralin. The tetralin was then removed by vacuum distillation and
mesophase pitch was prepared by a nitrogen blowing heat treatment and subsequent thinlayer evaporation to remove light molecular components. This mesophase pitch was spun
into fibrous form, graphitized, and carbonized, and mechanical properties were reported.

1.3

Isotropic Pitch-based Carbon Fiber

Pitch, as well as pitch-based carbon fiber is often classified in two ways: isotropic
and anisotropic. Isotropic, or general-purpose carbon fiber is “non-graphitizable”, or has
no long-range graphitic order, and is defined by having a more random molecular
orientation. Anisotropic, or high-performance carbon fiber is defined by having an oriented
molecular structure [45], that, upon heat treatment above 2000 °C exhibits highly oriented
carbon networks in three dimensional order [2]. The hallmark of high-performance carbon
fiber is long-range order of the graphitic crystallites, oriented with their basal planes
parallel to the fiber axis. General purpose and high-performance carbon fibers are derived
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from isotropic and anisotropic (or mesophase) pitch, respectively. Typically, as-produced
pitch is isotropic and must be treated to convert to anisotropic pitch. However, alternative
precursors may also be converted to anisotropic (mesophase) pitch. For example, Mochida
et al. [46] synthesized mesophase pitch from pure aromatic hydrocarbons by utilizing HFBF3 as a polymerization catalyst.

Both isotropic and mesophase pitch-based carbon fiber may be produced from the
previously discussed precursor materials, depending on processing conditions, and
intended use. Isotropic pitch-based carbon fibers have poor mechanical properties
compared to mesophase pitch-based carbon fibers and PAN-based carbon fibers [2, 45], as
seen in Table 1.1. However, these fibers are inexpensive [45], and can be used for
insulation or to produce activated carbon fibers (ACFs), a useful material in woven and
nonwoven fabrics, paper, and felt [27]. The first isotropic pitch-based carbon fibers were
produced by Ōtani in Japan, using polyvinyl chloride (PVC) pitch as a precursor material
[47]. Since then, others, such as Kim et al. [48], have focused efforts on improving tensile
properties of isotropic pitch-based carbon fibers.

Isotropic pitch may be a precursor to anisotropic, or mesophase pitch. This material
must undergo a conversion process, in which polycyclic aromatic molecules grow, stack,
and aggregate in the pitch, forming a liquid crystal. This can occur by hydrogenation,
solvent extraction, thermal treatment, or a combination of these processes [46]. The key
feature of mesophase pitch is its capacity to form highly crystalline graphite upon thermal
treatment. As researchers explore ways to reduce costs and improve the properties of
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mesophase pitch products, some methods have been combined and new methods created.
Figure 1.3 represents several pathways for producing mesophase pitch [46].

Figure 1.3. Pathways for producing mesophase pitch. Reprinted from Carbon, vol. 38, no.
2, I. Mochida, Y. Korai, C.-H. Ku, F. Watanabe, and Y. Sakai, Chemistry of synthesis,
structure, preparation, and application of aromatic-derived mesophase pitch, pp. 305-328,
Copyright (2000), with permission from Elsevier.
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1.4

Mesophase Pitch-based Carbon Fiber

The history of mesophase pitch can be traced back to the study of the coking of
metallurgical coal [49]. The use of polarized light microscopy to study the coking of coals
allowed for Brooks and Taylor [50] to observe the transition of isotropic pitch to
anisotropic mesophase pitch upon heat treatment. Since then, research into carbonaceous
mesophase has expanded and the understanding of mesophase formation has improved.
Mesophase can be described as a nematic liquid crystal, formed by discotic molecules that
after heating, and upon solidification to form a semi-coke, is easily graphitizable [50]. The
liquid crystal phase is observed between the crystalline and isotropic states and is
characterized by molecules being oriented in the same direction. Consequently, under
polarized illumination in a polarizing microscope, mesophase exhibits birefringence. As
light enters the anisotropic material, it is broken into two oppositely polarized rays that
travel at different velocities, resulting in the variance in colors shown in Figure 1.4.
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Figure 1.4. Mesophase pitch produced from coal tar pitch with 100% mesophase
observed using polarized light microscopy.
During the heat treatment of pitch, or other organic compounds, thermal
decomposition and polymerization reactions lead to the formation of polycondensed
aromatic hydrocarbons [49]. These aromatic molecules are planar, stacked on top of each
other, and nearly parallel to other molecular units to form the closely packed microdomains
in mesophase pitch [46]. The formation of mesophase has been outlined to include four
main steps: nucleation, growth, coalescence, and the formation of bulk mesophase [49].
During nucleation, mesophase spheres are formed, and begin to appear in the isotropic
pitch matrix [51]. The mesophase pitch phase separates from the isotropic pitch phase –
from which it is forming. This is followed by sphere growth and eventual coalescence,
that has been attributed to the spherules coming into contact with one another as they
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become larger [49]. These anisotropic, coalesced spheres then undergo integration to form
bulk mesophase [51].

Mesophase may also be classified by solubility and fusibility. Brooks and Taylor
observed that insoluble particles—those naturally occurring and those introduced to the
pitch—would not be incorporated during mesophase sphere nucleation and that nucleation
would only occur in regions without insoluble particles [50]. This suggested that insoluble
particles (that are also infusible during heat treatment) influence, and in some ways limit,
mesophase formation and are also infusible under heat treatment [52].

The solubility of pitch can be categorized by solubility in a variety of organic
solvents as shown in Figure 1.5 [14]. Quinoline insoluble (QI) particles, represented by
the 𝛼! fraction, have been an area of interest as the application of mesophase pitch has
expanded. Taylor et al. [53] explored the effect of QI particles on mesophase structure and
observed that QI particles “pin” the mesophase structures, inhibit deformation of the liquid
crystalline material, and produce pitch with greater viscosity. In the production of carbon
fibers, this can negatively influence spinnability and carbon fiber tensile strength [53].
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Figure 1.5. Classification of pitch fractions based on solubility in different solvents.

1.5

Carbon Fiber Processing and Properties

The production of carbon fibers from both isotropic and mesophase pitch must
undergo several steps to produce carbon fibers with desirable qualities. Figure 1.6 provides
a brief overview of these steps. When isotropic pitch is used to produce general purpose
carbon fibers, volatile components are removed from the pitch, the pitch is filtered to
remove solids, and then the pitch is extruded and drawn into green fibers [6]. These fibers
are then oxidized and carbonized to produce general purpose carbon fibers. This process is
much simpler, and consequently less expensive than that used in the production of highperformance carbon fibers. However, these carbon fibers are significantly less strong and
stiff when compared to high-performance carbon fibers [6].
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Figure 1.6. Pathway to produce general purpose carbon fiber (GPCF) and highperformance carbon fiber (HPCF) from isotropic pitch.
When isotropic pitch is the precursor to high performance carbon fibers, this
material must be converted to mesophase pitch prior to melt spinning. Heat treatment,
solvent extraction, and hydrogenation represent some of the methods available to achieve
this conversion. Singer et al. [54] utilized a 40-hour heat treatment process where highly
aromatic isotropic pitch was converted to pitch with nearly 50% anisotropy by heating to
temperatures of 400-410 °C in an inert atmosphere. Since then, modifications to this
process have been made to improve mesophase formation and spinnability of the pitch. For
example, Lewis [55] found melt spinning was easier, by introducing agitation during the
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pyrolysis process as a way to lower the molecular weight of the mesophase fraction by
creating an emulsion with the isotropic fraction. Chwastiak and Lewis [56] also utilized
agitation, but created an inert atmosphere by sparging with an inert gas. This allowed for
the production of pitch with 100% mesophase content. Diefendorf and Riggs [57] also
produced 100% mesophase pitch, but did so by extracting smaller molecules in benzene,
heptane, and toluene. This method allowed for significantly shorter processing times, but
relied on expensive and hazardous solvents, limiting widespread application [6].

Hydrogenation is another method used during the conversion of isotropic pitch to
mesophase pitch. One method, developed by Kyushu Industrial Research Institute, used
tetrahydroquinoline as a hydrogen donor solvent to hydrogenate de-ashed coal tar pitch [7].
This pitch was then heat treated and spun to produce high performance carbon fibers.

1.5.1

Melt Spinning

Following the conversion of isotropic pitch to mesophase pitch, the pitch is melt
spun into green (not yet graphitized) fiber. This process occurs as the precursor material is
softened by an extruder and pumped through a filter before exiting through the spinneret
[6]. Upon exit, the fiber is drawn, cooled, and wound onto a spinning spool. Many factors
influence fiber formation during melt spinning, including drawdown ratio, extrusion rate,
extrusion temperature, composition of the precursor material, and other process parameters
[6]. As a result, melt spinning can be difficult and pose challenges when spinning
mesophase pitch. For example, the softening temperature of pitch increases with increasing
mesophase content of the pitch, meaning that spinning temperatures will also have to
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increase to ensure the pitch properly flows. This creates a greater temperature differential
between the spinning temperature and the atmospheric cooling temperature, resulting in an
increased rate of cooling and an increase in spinline tension [6].

Further, other challenges arise when mesophase content is lower, and pitch with
large isotropic regions is spun. For example, low shear rheological behavior of two-phase
mesophase pitch was investigated by Ramjee et al. [58] by preparing mesophase pitch
containing 49-87% isotropic pitch regions, as determined by polarized light microscopy,
to understand flow behavior at different temperatures. Results indicated that pitch samples
with 0-13% mesophase exhibited near-Newtonian behavior, where viscosity was
temperature dependent with little shear rate dependence. As mesophase content increased,
the effect of shear rate on viscosity also increased. While spinning, challenges can arise
from these differences in rheological behavior.

1.5.2

Oxidative Stabilization

After the fiber is cooled and collected, it must undergo oxidative stabilization to
prevent fiber fusion in the subsequent carbonization step [59] and increase the final carbon
yield in the resultant carbon fiber. The introduction of oxygen at relatively low
temperatures, below the pitch softening point, allows the fibers to become stable as
molecules cross-link and become infusible [2]. The oxidative stabilization reactions
transform the melt spun carbon fibers from a thermoplastic solid state to a thermosetting
state [60]. This step greatly impacts the properties of the resultant graphitized carbon fiber,
as less oxidation allows for sticking and subsequent deformation of the fibers.
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Heating rates for oxidative stabilization are typically slow, between 0.1-2.0 °C until
a final oxidation temperature below the softening point of the pitch is reached, making this
step extremely time consuming. However, shortening the stabilization time, increasing the
heating rate, and performing stabilization at high temperatures has negative consequences
for tensile strength, as fibers can become heterogeneously oxidized in the transverse section
of the fibers [60]. Additionally, extensive devolatilization of CO and CO2 during oxidative
decomposition due to excess stabilization also yields lower tensile properties [8]. As a
result, optimization of this process is crucial to economic feasibility and sufficient
mechanical properties.

1.5.3

Carbonization and Graphitization

Following oxidative stabilization, mesophase pitch-based carbon fibers are
carbonized and graphitized in an inert atmosphere. Carbonization occurs at lower
temperatures, up to around 1700 °C, to drive off non-carbon elements as low molecular
weight gases and is typically the final step for isotropic pitch-based fibers. Graphitization
of mesophase pitch-based fibers occurs at temperatures up to 3000 °C in order to grow and
anneal graphitic crystallites, and increase the preferred orientation of the carbon fibers [6].
Each of these processes—the conversion to mesophase, melt spinning, oxidation,
carbonization, and graphitization—are crucial in the production and properties of highperformance carbon fibers.
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1.6

Conclusion

The wide range of carbon fiber application, driven by lightweight, high-strength,
and high-thermal conductivity, has led to continued research in low-cost precursor
materials. Pitch-based carbon fibers are typically produced from coal tar and petroleum
distillation residues that are low cost and possess high carbon content. High demand for
coal tar pitch for primary aluminum smelting and declines in coal tar pitch production have
caused added pressure to its availability for other high value carbon products. Petroleum
pitch fulfils some demand, but sulfur content and low pitch yields limit feasibility of
commercial production of mesophase pitch-based carbon fiber using this precursor.

Another precursor that is being explored is coal-based liquids. Most early research
for converting coal to a pitch like material is based on DCL research, developed as an
alternative to petroleum fuels. These methods originally required high temperatures and
high pressures to convert coal to coal liquids. However, challenges of safety and economics
of these operating conditions led to the use of mild operating procedures that achieve
similar conversions. These methods have been applied to the production of anode coke [12,
32] and general purpose carbon fibers and activated carbon fibers [27], where coal is
converted to a coal liquid by solvent extraction at temperatures around 400 °C.
Additionally, Shimanoe et al. [25] demonstrated conversion of hyper-coal, an ash-free coal
[26], to mesophase pitch by a three stage process: hydrogenation of hyper-coal, N2 blowing
heat treatment, and thin layer evaporation.
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This research, along with the chemical similarities between coal and coal tar,
suggested that a low ash coal with minimal mineral matter could be used to produce
mesophase pitch-based carbon fibers. In DCL, viable solvents for coal include coal tar or
petroleum products, such as anthracene oil or FCC decant oil. As these products have high
carbon content and aromaticity, they have been previously reported as acceptable
precursors for mesophase pitch [46, 51, 61].

High quality pitches can be produced from distillation of heavy aromatic liquids
like FCC decant oil (from petroleum) and creosote (from coal tar). Moreover, these liquids
can be used to solvate milled coal under mild extraction conditions and are markedly more
economical than pure solvents like NMP or tetralin. Therefore, pitches can be produced
from the resultant coal liquids. A central question investigated in this thesis is, how do
carbon fibers stemming from these two pitches (one from the coal liquid, and the other
from the neat solvent) compare in terms of tensile performance? And is there a clear benefit
propelling the utilization of coal-liquid derived carbon fibers?

In this study, a process for producing pitch-based carbon fibers stemming from coal
extract liquids using heavy aromatic solvents was established. Tensile properties of pitchbased carbon fibers produced from coal liquids were compared to those of pitch-based
carbon fibers produced from creosote, the solvent used to produce coal liquid in this study.
Optical microscopy was used to observe pitch characteristics and scanning electron
microscopy (SEM) was used to observe fiber quality. Mass yield (wt.%) was determined
for coal digestion, isotropic pitch conversion, and mesophase pitch conversion steps and
the impact of utilizing coal was evaluated.
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CHAPTER 2. COAL LIQUID TO ISOTROPIC PITCH

2.1

Introduction

Prior to isotropic pitch production, coal must be converted from a solid to a liquid,
tar-like substance. Figure 2.1 represents a modified pathway to prepare mesophase pitch
for high performance carbon fiber production, where coal and a heavy aromatic solvent are
used as a precursor, rather than coal tar recovered from coking operations. This could have
been achieved by any of the DCL methods previously discussed. However, high
temperature and high-pressure processes were impractical due to safety issues and when
considering scale-up of this process. Therefore, low severity solvent extraction, with mild
conditions was used in this study to digest and hydrogenate coal to form coal liquids.

Figure 2.1 Pathway to produce mesophase pitch from coal and heavy aromatic solvents.

Heavy aromatic distillation residue, used as a solvent, and pulverized coal were
digested in a 3:1 weight ratio (solvent:coal) to produce a coal liquid. This coal liquid was
then filtered, and vacuum distilled to remove light components until the remaining bottom
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material, the isotropic pitch, had a softening point temperature of nominally 100 °C as
determined by dynamic mechanical analysis (DMA). To evaluate the impact of coal on
conversion to isotropic pitch, heavy aromatic solvents without coal were also digested and
distilled into an isotropic pitch. These ‘baseline’ materials and coal liquid-derived materials
were then thermally treated to obtain mesophase pitch that was melt spun, oxidized,
carbonized, and graphitized to mesophase pitch-based carbon fibers. Additionally,
isotropic pitch was melt spun, oxidized and carbonized to isotropic pitch-based carbon
fibers. Within literature, relatively low mass yields between 10-30% have been reported
for mesophase pitch produced from petroleum feedstocks similar to the heavy aromatic
solvents used in these studies. Therefore, it was hypothesized that mesophase pitch
produced from coal liquids would have a greater mass yield than mesophase pitch
produced from heavy aromatic solvents alone, and the carbon fiber derived from coal
liquids would have similar tensile properties to the carbon fiber derived from the
heavy aromatic solvents (without coal).

2.2

Materials

Creosote (CR), a coal tar distillation residue, and FCC decant oil (DO), a petroleum
residue, were used as solvents1 to digest coal. CR and DO were also used, without the
addition of coal, to produce isotropic pitch. The composition, maceral content, and rank,
amongst many other characteristics, vary significantly for different coals. For mesophase
pitch and carbon fiber production, inclusions stemming from ash, are not desirable.

1

While the term “solvent” is used here, this material (creosote and FCC DO) was not recoverable after the
coal was digested, which would be the case for a conventional solvent.
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Similarly, high sulfur content can poison mesophase formation through excessive
molecular crosslinking. Therefore, Blue Gem (BG) coal, a very low ash, and low sulfur
coal obtained from eastern Kentucky was selected as a model coal for use in these
experiments. This coal was received as large lumps, 2-3 inches in diameter, and was put
into a jaw crusher to reduce chunk size to 6 mm. The coal was then pulverized to 70-mesh
and sieved to 200-mesh in an automatic shaker to ensure coal particle size was less than 75
µm. Available proximate (ASTM D3172) and ultimate analysis (ASTM D3176) for coal is
reported in Table 2.1 along with ultimate analysis for each solvent.

Table 2.1. Proximate and ultimate analysis for starting materials, including Blue Gem
coal, creosote, and decant oil. Weight % is calculated on an as-determined basis.

Sample

Blue Gem

Sample
ID
BG

Proximate Analysis
%Ash %Moisture %Oxygen
1.2

2.05

6.53

%Volatile
Matter

%Fixed
Carbon

37.31

59.44

Ultimate Analysis
%H

%C

%N

%S

C/H

Blue Gem

BG

5.73

83.32

2.22

1

14.5

Creosote

CR

5.77

91.92

1.33

5.83

15.4

Decant Oil

DO

8.04

93.11

0.32

0.08

11.6
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2.3

Experimental Methods
2.3.1

Low Severity Coal Liquefaction and Filtration

During these experiments, low severity coal liquefaction, termed coal digestion,
occurred in a 2-liter bench model Parr stirred reactor shown in Figure 2.2. Three parts
heavy aromatic solvent was added to 1 part coal, by weight. The reactor temperature was
ramped to 400 °C and held constant for 30 minutes while continuously stirring at 3000
RPM under autogenous pressure.
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Figure 2.2. The 2-liter bench model Parr stirred reactor used for coal digestion to produce
coal liquids.
Once cooled to 130 °C, the “digested” material was removed from the bottom outlet
valve by flushing the reactor with pressurized nitrogen. It was then filtered through a
Whatman GF/A glass microfiber filter, with 1.6 µm pore size in a nitrogen pressurized
filtration system, shown in Figure 2.3 and Figure 2.4 and collected in a 1000-mL round
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bottom flask that would be used during vacuum distillation. Yield (wt.%), or more
accurately recovery %, was calculated after filtration for this process, and samples were
subject to chemical characterization analyses, including proton nuclear magnetic resonance
(1H NMR), carbon (13C NMR), ultimate and proximate analysis, and simulated distillation.

Figure 2.3. Pressurized and heated filtration system used to filter digested liquids after
removal from Parr reactor.
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Figure 2.4. Inside the bottom of the filtration system where filter paper was placed prior
to filtration.
2.3.2

Vacuum Distillation

Coal liquids, as well as digested, and neat solvents, were subject to vacuum
distillation to remove lighter weight components as a vapor and produce an isotropic pitch
remaining in the flask, with a target softening point of 100 °C. This was achieved by using
a heating mantle to heat the liquid in a 1000 mL round bottom flask, under vacuum. After
the run was stopped and allowed to cool, the material remaining in the bottom of the round
bottom flask was the isotropic pitch.
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Within this set up, a k-type thermocouple, as indicated in Figure 2.5 measured the
vapor temperature as vapors rose to the top of the column before being condensed and
collected in one of three receiving flasks. This distillate material was separated based on
chronology of components, where the lightest components were collected in the first flask,
medium components in another, and heavy components in the last. The first, lightest cut of
components (~50 g) was discarded. The medium and heavy components were combined,
and the resultant material was analyzed by simulated distillation and collected to be tested
as a recycle solvent for the coal liquefaction process.

Figure 2.5. Vacuum distillation set up used to obtain isotropic pitch.
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Empirical data collected from each distillation run indicated that targeting a specific
final vapor temperature for each precursor material resulted in a pitch with a corresponding
softening point temperature as shown in Figure 2.6. In this instance, Blue Gem coal was
solvated in creosote in the Parr reactor to produce a coal liquid. This liquid was filtered,
then subjected to vacuum distillation. During the first vacuum distillation run of this
material, the final vapor temperature reached 206.9 °C and the heating mantle was turned
off to cool. The resultant isotropic pitch had a softening point temperature of 140 °C, higher
than desired. During the second run, a final vapor temperature of 182 °C was achieved, and
the resultant isotropic pitch had a softening point temperature of 78 °C, lower than desired.
The information obtained for these first two runs was used as a guide for the following
runs, and with a target vapor temperature of ~193 °C, the subsequent isotropic pitches had
a softening point temperature near the desired target (of 100 °C). For each starting material,
a pitch with a nominal softening point of 100 °C was obtained by targeting a vapor
temperature (specific to the material) during vacuum distillation. Mass yield (wt.%) was
calculated for conversion of the (coal) liquid to isotropic pitch based on the mass of the
isotropic pitch produced relative to the starting mass of (coal) liquid.
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Figure 2.6. Vapor temperature vs. softening point temperature graph for Blue
Gem/Creosote coal liquid illustrating a correlation between a targeted vapor temperature
and an isotropic pitch with the desired softening point of 100 °C.
Vacuum distillation experiments for neat solvents and coal liquids were conducted
in at least triplicate. Neat solvents were also ‘digested’ in the Parr reactor without coal, and
these materials were vacuum distilled to isotropic pitch to determine the effect of digestion
on mass yield, in the absence of coal, during the vacuum distillation process. Overall, six
precursor materials were vacuum distilled to isotropic pitch. These included Blue Gem coal
solvated in creosote (BGCR-P), digested creosote (CR-P), neat2 creosote (CR), Blue Gem
coal solvated in decant oil (BGDO-P), digested decant oil (DO-P), and neat decant oil
(DO).

2

Here, neat is used to describe the solvent that was not put into the Parr reactor prior to vacuum distillation
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2.3.3

Simulated Distillation

Both CR and DO used for these experiments were by-products of industrial
processes. This was important for the process economics. As such, the composition of these
feedstocks was far from a pure chemical. Boiling point distribution provided insights for
these products. An Agilent 8890 GC Simulated Distillation (SimDist) system utilized a gas
chromatography column (10M X 0.53mm X 0.88𝜇m PDMS capillary column) to separate
components based on boiling point (in atmospheric pressure) in accordance with ASTM
D2887. Samples were prepared by dissolving the sample in CS2 (2 wt.%) and filtering to
0.22 µm. Once all components were eluted from the column, a report was generated by
SimDist Expert 10 software that included the boiling point curve of these components.

This technique was used as a fast and reliable way to determine boiling point
distribution of solvents, coal liquids, and distillates. For distillates, the boiling point data
generated was compared to solvent data to investigate distillate viability as a recycle
solvent. As shown in Figure 2.7, an overlay of boiling point curves was generated to
compare distillate of DO from a vacuum distillation experiment with the corresponding
neat DO solvent. Similarly, Figure 2.8 shows an overlay of boiling point curves comparing
neat CR to CR-derived distillates.
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Figure 2.7. Simulated Distillation (SimDist) boiling point curves for a distillate of DO
(generated during vacuum distillation) and for neat DO. % Off corresponds to the % of
the initial material boiled off and Temperature (ºC) is the corresponding boiling point
temperature.
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Figure 2.8. Simulated Distillation (SimDist) boiling point curves for a distillate of CR
(generated during vacuum distillation) and for neat CR. % Off corresponds to the % of
the initial material boiled off and Temperature (ºC) is the corresponding boiling point
temperature.
2.3.4

Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) was used to measure the softening point of
isotropic pitch samples produced from vacuum distillation. Samples were tested using a
TA Q800TM DMA with a compression clamp. Approximately 30 mg of isotropic pitch was
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pelletized and placed between the compression clamps. A constant force of 0.1 N was
applied to the pellet while it was heated from 35 °C to 400 °C at a rate of 5 °C/min. Once
the pellet softened, the clamps flattened the pellet and clamp displacement as a function of
temperature was recorded. By plotting the derivative of displacement with respect to
temperature, a local peak corresponding to the softening point temperature of the sample
was generated. This can be seen in Figure 2.9.

Figure 2.9. Example of DMA analysis of isotropic pitch, where the local peak of the
derivative of displacement plot correlates to the pitch softening point.
2.3.5

Thermal Stage and Polarized Light Microscopy

Isotropic pitch generated from vacuum distillation was tested to determine if it
could be converted to mesophase pitch. Small, less than 1 mg, isotropic pitch samples were
placed between two glass slides on a Linkam THMS600 thermal stage. Samples were
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heated at a ramp rate of 7.5 °C/min to 410 °C and held at this temperature for 8 hours in a
flowing nitrogen atmosphere (4.7 L/min). These processing conditions were analogous to
those used when thermal treating hundreds of grams of isotropic pitch to produce
mesophase pitch but required significantly less material and the material was not agitated.

A Nikon ECLIPSE LV100ND industrial microscope with a polarizing filter was
used to determine if anisotropic regions had developed over the 8-hour experiment. Figure
2.10 illustrates the development of mesophase pitch from an isotropic pitch sample.
Starting isotropic material appeared black due to the random orientation of the molecules.
As processing time increased, anisotropic “tiger stripe” regions—indicative of mesophase
formation—developed as spheres and coalesced over time. These anisotropic domains
interacted with the polarized light, resulting in reflected optical contrast, and resultant
bright regions.
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Figure 2.10. Mesophase growth in an isotropic coal tar pitch sample shown over an 8hour time lapse. Sample was placed in the Linkam thermal stage set to 410 °C. Scale bar
length is 10 microns.
2.4

Results
2.4.1

Isotropic Pitch Yield

The mass yield (wt.%) for each of the six starting materials was calculated for each
vacuum distillation run. For materials that were subject to digestion, identified by -P in the
sample ID (for Parr reactor), mass yield for the digestion step was also calculated. As
mentioned in section 2.3.2, the goal was to determine how the addition of coal to the neat
solvent to form a coal liquid impacted mass yield relative to the neat solvent without coal.
To ensure the mass yield calculations were representative of the addition of coal and not
the digestion process, the neat solvent was also subject to the digestion process.

The targeted softening point temperature of the isotropic pitch was 100 °C. As
stated, this could be achieved by targeting a final vapor temperature during the vacuum
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distillation experiments. The final vapor temperature was achieved by manually shutting
the heating mantle off once the final vapor temperature was reached. As such, this resulted
in some variation in softening point temperature, likely due to slight differences in final
vapor temperature caused by timing error. This can be seen in Figure 2.6 where the results
highlighted in the green box varied slightly. To account for this variation, multiple runs
were completed, and averages (N=6, 9, 3, 3, 11, & 1 for BGCR-P, CR, CR-P, BGDO-P,
DO, DO-P, respectively) are reported in Table 2.2 with corresponding final vapor
temperature during distillation.

Table 2.2. Final vapor temperature, softening point (Tsp) and mass yield (wt.%) averages
of the resultant isotropic pitch for vacuum distillation calculated from distillation of each
of the six starting materials.
Sample ID
BGCR-P
CR
CR-P

Final Vapor Temperature (°C)
192.1 ± 2.1
272.6 ± 7.3
276.7 ± 9.3

Tsp (°C)
107.8 ± 10.8
92.2 ± 14.6
105.0 ± 19.6

Mass Yield (wt.%)
62.2 ± 4.9
4.0 ± 1.6
6.8 ± 0.54

BGDO-P
DO
DO-P

243.5 ± 10.3
290.7 ± 2.7
290.6

122.3 ± 26.6
95.1 ± 5.5
98.0

64.5 ± 12.6
14.3 ± 2.9
12.7

Isotropic pitch yield (wt.%), represented in both Table 2.2 and Figure 2.11, for
BGDO-P was 64.5%. In comparison, isotropic pitch yield from DO was 14.3%, while that
subject to digestion (DO-P) was 12.7%. For BGCR-P, CR, and CR-P yield was 62.2%,
4.0%, and 6.8%, respectively. From vacuum distillation alone, the incorporation of coal
into DO resulted in a mass yield that was more than 4 times larger than the mass yield from
the solvent (DO) alone. The digestion step seemed to have little effect on the mass yield
when comparing DO and DO-P, as the yield obtained for DO-P was comparable to the
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yield obtained for DO. This suggested that the yield increase for DO-derived coal liquid
(BGDO-P) was directly related to the incorporation of coal.

100%
90%
MASS YIELD (%)

80%
70%
60%
50%
40%
30%
20%
10%
0%

BGCR-P

CR

CR-P

BGDO-P

DO

DO-P

Figure 2.11. Mass yield averages of liquid to isotropic pitch after vacuum distillation of
each of the six starting materials: creosote-derived coal liquid (BGCR-P), neat creosote
(CR), digested creosote (CR-P, decant oil-derived coal liquid (BGDO-P), neat decant oil
(DO) and digested decant oil (DO-P).
For BGCR-P, the results were slightly different. With respect to CR, mass yield
was over 15 times greater when coal was digested with the solvent prior to vacuum
distillation. Interestingly though, digestion seemed to have some effect on yield for this
material, as the reported mass yield was slightly higher when CR was digested. The neat
solvent was digested, and vacuum distilled in triplicate to gain confidence in this claim.
The average isotropic pitch yield, after triplicate runs for CR-P, remained 6.8% ±0.5%.
Student’s t-test calculations were utilized to determine if the difference between the values
obtained from neat CR and digested CR (CR-P) was statistically significant. These
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calculations and results are included in the Appendix. The result of calculations concluded
with 98% confidence that the difference between these results was statistically significant.

Upon trying to better understand this result, ultimate analyses, 1H NMR, and
SimDist plots of CR (neat solvent) and CR-P (solvent after digestion) were compared and
showed no visibly discernible differences. Ultimate analysis data, 1H NMR plots, and
SimDist plots are provided in Table 2.3, Figure 2.12, and Figure 2.13, respectively.
Proximate analysis of the resultant isotropic pitches, presented in Table 2.4, showed that
the isotropic pitch produced from CR-P had a lower oxygen and volatile matter content
compared to the isotropic pitch produced from CR. Although the reasons were not fully
understood, this difference suggested that digestion of the solvent without coal had some
quantifiable impact on isotropic pitch yield.

Table 2.3. Ultimate analysis for isotropic pitch produced from CR and CR-P. Here, the D denotes isotropic pitch. Calculated on an as-determined basis.
Ultimate Analysis
Sample

%H

%C

%N

%S

C/H

CR-D

5.83

91.92

1.33

0.72

15.8

CR-P-D

5.83

89.84

1.17

0.67

15.4
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Figure 2.12. 1H NMR plot for (a) neat creosote (CR) and (b) digested creosote (CR-P)
showing no discernable difference between the signals and hydrogen distribution in the
aliphatic (0.5-4.5 ppm) and aromatic (6.0-10.0 ppm) hydrogen regions.
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Figure 2.13. Simulated Distillation (SimDist) boiling point curves for neat creosote (CR)
and digested creosote (CR-P). % Off corresponds to the % of the initial material boiled
off and Temperature (ºC) is the corresponding boiling point temperature.
Table 2.4. Proximate analysis for isotropic pitch produced from CR and CR-P. Here, -D
denotes isotropic pitch. Calculated on an as-determined basis.
Proximate Analysis
Sample
%Ash

%Moisture

%Oxygen

CR-D

0.15

<0.1

2.31

64.89

34.96

CR-P-D

0.10

<0.1

0.72

62.98

36.92
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%Volatile Matter

%Fixed Carbon

The isotropic pitch (from BGCR-P, CR, BGDO-P, and DO) produced after vacuum
distillation was used as a mesophase pitch precursor. Therefore, an overall—digestion and
distillation yield—was also calculated. Since the digestion process occurred in a closed
system, losses during transfer into and out of the reactor and filtration system were
calculated and accounted for the mass lost during this step. Losses after digestion were
minimized by scraping material off glassware during transfer and by collecting material
from the filtration system in a 1000 mL round bottom flask that could be used in the
distillation step. It is important to note here that filtration by the method discussed in this
chapter proved to be inconsistent, as the filter paper would often become blinded, causing
it to break with the application of nitrogen pressure and high viscosity materials due to the
large gaps in the filter support. An alternative support screen (304 SS) was obtained to
account for this issue and is shown with the original support in Figure 2.14.
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Figure 2.14. 304 stainless steel filter support screen (left) used to replace the original
filter support screen (right).
Thus, most losses (during these experiments) after digestion were a result of
material left in the reactor that did not get pushed out by the nitrogen pressure. Overall
mass yields (wt.%) are reported in Table 2.5. As seen, the overall mass yield was lower
than the distillation yield for all digested samples, due to the mass lost after digestion. For
DO-P, the low yield during digestion was attributed in part to the apparent high viscosity
of this starting material. This made it extremely difficult to minimize losses during transfer.
However, this high viscosity, and likely higher molecular weight (inferred from the
SimDist plot shown in Figure 2.15), resulted in a higher yield of the neat DO and DO-P
during distillation when compared to CR and CR-P.
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Table 2.5. Overall mass yield for each of the six starting samples, calculated from the
digestion yield (recovery %) and distillation yield (wt.%).
Sample ID

Digestion Yield
(recovery %)

Distillation Yield
(wt.%)

Overall Yield
(wt.%)

BGCR-P

89.5

62.2

55.7

CR

-

4.0

4.0

CR-P

91.8

6.8

6.2

BGDO-P
DO

69.1
-

64.5
14.3

44.6
14.3

DO-P

84.3

12.7

10.7

Figure 2.15. Simulated Distillation (SimDist) plot of neat decant oil (DO) and neat
creosote (CR) solvents. % Off corresponds to the % of the initial material boiled off and
Temperature (ºC) is the corresponding boiling point temperature.
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The incorporation of coal into CR had a more significant influence on yield than
the incorporation of coal into DO. As DO was more viscous than CR and had a higher
boiling point distribution, as shown by the SimDist plot (Figure 2.15), it is likely that less
lightweight components needed to be removed from the DO-derived samples, resulting in
a higher yield than CR. This may also suggest that the digestion of coal in CR, to create
BGCR-P, provided the liquid with high molecular weight molecules that were crucial to
increasing isotropic pitch yield.

2.4.2

Optical Observations and Mesophase Formation

As mentioned in section 2.1, the overall goal of these experiments was to produce
pitch-based carbon fibers from coal liquids and neat solvents to determine the influence of
coal. Section 2.3.5 outlined how a Linkam thermal stage and a Nikon microscope with a
polarizing filter was used to determine if isotropic pitch could be converted to mesophase
pitch for carbon fiber production. Optical microscopy images of DO, DO-P, CR, and CRP are presented in Figure 2.16 Optical microscopy images of BGDO-P and BGCR-P are
presented in Figure 2.17.

For DO and DO-P samples, mesophase nucleation, growth, and coalescence was
observed throughout the 8-hour thermal treatment. However, for the BGDO-P sample, no
mesophase formation was observed. Similarly, mesophase formation was present in both
CR and CR-P, but not in the BGCR-P sample. Additionally, BGCR-P isotropic material
was subject to bench-scale thermal treatment in a 2-L round bottom flask, and results
confirmed that this material did not exhibit mesophase formation. In early stages of thermal
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treatment, the pitch became highly viscous, causing the mixer to torque out. The resultant
material had a softening point above 450 ºC, likely due to coke formation.

Figure 2.16 Mesophase growth observed in DO (a), DO-P (b), CR (c), CR-P (d) derived
isotropic pitches after 8 hours of thermal treatment using the Linkam thermal stage set to
410 ºC.
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Figure 2.17. BGDO-P (left) and BGCR-P (right) derived isotropic pitches exhibiting no
optical anisotropy after 8 hours of thermal treatment using the Linkam thermal stage set
to 410 ºC.
This suggested that the digestion of coal in both solvents inhibited mesophase
growth. However, this did not explain why mesophase growth was inhibited, or what the
inhibiting factors were. In trying to assess this, macro-scale optical observations were made
as shown in Figure 2.18. Samples that were prepared without coal, and that formed
mesophase were visibly glassy, or shiny in appearance with an optical luster. Samples
prepared with coal, however, appeared dull and matte. Although this did not inherently
answer the question of what was inhibiting mesophase growth, it did provide guidance for
how to move forward in obtaining mesophase. This is further discussed in Chapter 3.
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Figure 2.18. Isotropic pitch derived from BGCR-P (left) exhibiting matte finish compared
to CR (right) exhibiting glossy finish.
2.5

Process Improvements for Future Work

Within this process, one error that limited the accuracy of reported yields was the
variance in softening point temperature of the generated isotropic pitch. The standard
deviation from the mean softening point for DO was 5.5 °C, while for CR it was 14.6 °C.
This difference may have been attributed to inaccuracies when turning off the heating
mantle, as slight variations in timing resulted in different final vapor temperatures. This
error could be limited or accounted for in future experiments by implementing a
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temperature controller for both the pitch temperature and the vapor temperature. This
would allow for greater precision and improved accuracy when targeting the softening
point of 100 °C. Additionally, a more efficient cooling protocol could be implemented to
immediately cool the pitch once the target final vapor temperature was reached. This may
achieve similar results as using a temperature controller.

Although isotropic pitch yield was increased when the solvent was digested with
coal, mesogen growth during subsequent mesophication experiments was also inhibited.
Therefore, improvements to the process were needed to produce mesophase pitch to
support the goal of making high-performance carbon fibers from coal liquid extracts. Many
hypotheses were offered in an effort to address the inhibition of mesophase growth.
Heteroatom content, quinoline insoluble (QI): insoluble organic matter (IOM) and ash
content, along with molecular weight distribution were among many of the factors
considered. Although further investigation of these hypotheses is not detailed in this thesis,
additional processing conditions discussed in Chapter 3 were developed from these
hypotheses.

After subjecting the isotropic pitch and coal liquid to a series of experiments,
mesophase pitch was finally generated from a coal liquid-derived isotropic pitch using the
Linkam thermal stage. This was achieved by hydrodesulfurization (HDS) treatment of the
coal liquid (in the presence of a catalyst) after digestion in the Parr reactor. The HDStreated coal liquids were then filtered, assisted with dilution in tetrahydrofuran (THF). The
low boiling point of THF allowed for faster filtration and solvent evaporation/recovery
times. These processes are outlined and discussed in the upcoming chapters but have been
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mentioned here, as the additional processing steps impacted the mass yield and skewed
results from those reported earlier in this chapter.

2.6

Conclusion

In these experiments, CR and DO were used as solvents for the digestion of BG
coal to produce a coal liquid that was distilled to remove light weight components and
produce an isotropic pitch. The pitch yield after distillation of BGDO-P was over 4 times
greater than the pitch yield after distillation of DO, the baseline solvent-only product.
Exposure of DO to digestion conditions did not negatively impact isotropic pitch yields.
However, losses during transfer in the digestion step, enhanced by the high viscosity of
DO, had a dramatic influence on overall mass yield.

CR also showed a significant increase in yield when generating a coal liquid
(BGCR-P), where yield increased from 4.0% or 6.8% to 62.2% for CR (neat solvent) and
CR-P (digested solvent) respectively. Here, nearly a 9-fold increase was found compared
to the baseline CR-P without coal. Regardless of slight yield differences between CR and
CR-P, the isotropic pitch yield of BGCR-P was significantly larger than that of the neat
and digested solvent alone. In future work, mass yield differences between digested and
neat solvents could be further explored by utilizing additional characterization methods
such as Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) and
Pyrolysis Gas Chromatography Mass Spectroscopy (GC-MS) to gain a greater
representation of the molecules present in each material.
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CHAPTER 3. MESOPHASE PITCH
3.1

Introduction

The production of isotropic pitch was valuable, as section 1.3 outlines some of the
many applications that exist for isotropic pitch and isotropic pitch-based carbon fibers.
However, the goal of creating high-value, high-performance carbon fibers from mesophase
pitch derived from coal remained. Direct conversion of isotropic pitch derived from coal
liquids to mesophase pitch was not possible. As such, several iterations and edits on the
processing path were needed, and hydrodesulfurization (HDS) treatment of the pre-filtered
coal liquid followed by tetrahydrofuran (THF) filtration was key to render the material
amenable for the eventual formation of mesophase.

Not all experimental steps were obvious at the onset. Therefore, in an effort to
continuously optimize and investigate, these additional steps were performed on an asneeded basis. That is, mesophase pitch that was generated from neat solvents (without HDS
treatment and THF filtration) are still discussed. Although this may have influenced the
reported yield comparisons, economic and solvent supply constraints ultimately dictated
the decision not to restart processing for the neat solvents to include these processes (as
they were not necessary for mesophase production from the neat solvents). Figure 3.1
illustrates adjustments that were made from Figure 2.1 to include the additional processing
steps necessary to produce mesophase pitch from coal liquids.
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Figure 3.1. Modified pathway to produce mesophase pitch with HDS treatment and THF
filtration steps included.
After steps 1-4, resultant isotropic pitch samples were tested using the method
outlined in section 2.3.5 to determine if mesophase pitch would form upon thermal
treatment. Samples that exhibited the ability to form mesophase continued to step 5.
Thermal treatment of isotropic pitch was achieved by stirring (500 rpm) the isotropic pitch
in a flowing (0.85 L/min) nitrogen atmosphere at temperature of 410 ºC to promote
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mesophase growth. This process was originally developed with coal tar pitch3, where
spinnable mesophase pitch (producing fibers <20 𝜇m diameter) was generated after 5 hours
of thermal treatment. This served as a guide for the thermal treatment of coal liquid and
neat solvent-derived isotropic pitch.

After steps 1-5, this material was then characterized by mesophase % (ASTM
D4616-95), QI % (ASTM D2318-20), softening point temperature (ºC), and yield (wt.%).
Since the goal of this thesis was to determine the impact of utilizing coal, mesophase
pitches produced from coal liquids and neat solvents were compared. Results of the
discussed characterization techniques were analyzed and compared for both the coal liquidderived and ‘baseline’ solvent-derived samples.

Mesophase pitch obtained after thermal treatment was subject to pressurized melt
spinning (further discussed in Chapter 4) in an attempt to obtain green fibers. Generally,
during pressure spinning, pitch in a heated, N2 pressurized vessel is softened and extruded
through a single hole-spinneret to form a fiber filament that can be drawn down to a
spinning spool and collected for further thermal treatment. As a result, the objective during
thermal treatment of isotropic pitch (step 5) was to obtain a ‘spinnable4’ mesophase pitch.

3

Over one hundred thermal treatment (conversion to mesophase) experiments have been conducted onsite
using isotropic coal tar pitch with 100 ºC softening point temperature (Tsp) as the starting material. From
these experiments, processing time, temperature, nitrogen flow rate, and stirring speed was optimized to
reproducibly generate mesophase pitch with a 300 ºC Tsp, capable of being melt spun to < 20 𝜇m diameter
green fiber for >30 minutes of continuous spinning.
4
The term ‘spinnable’ refers to the relative stable filament formation to fine diameters, uninterrupted with
time. Based on the mesophase pitch produced in-house from isotropic coal tar pitch, a spinnable mesophase
was observed with an average Tsp of approximately 300 ºC, containing 60-90% mesophase, with the
remaining 10-40% isotropic binder comprised of only small (<10 𝜇m diameter), highly dispersed
inclusions. Mesophase derived from decant oil, however, has been observed as ‘spinnable’ for >30 minutes
of continuous spinning with a Tsp of 298 ºC and 100% mesophase

56

As discussed in section 1.5.1, mesophase pitch with a homogeneous distribution of
mesophase (on the tens of microns scale), and a softening point temperature typically <300
ºC, is ideal for spinning. Since these pitch qualities could be tuned during thermal
treatment, the target mesophase percent and softening point for mesophase pitch produced
from thermal treatment experiments was >70% and <300 ºC, respectively.

3.2

Materials and Methods
3.2.1

Digestion, HDS, & THF Filtration

A 2-liter bench model Parr stirred reactor was used for digestion of coal liquids
under the same conditions outlined in section 2.3.1. Rather than removing the material from
the bottom outlet valve, after digestion, the reactor was opened and an industrially used
nickel molybdenum (Ni-Mo) catalyst on an alumina support was added to the digested
material. The reactor was then closed, and the temperature was ramped at 5 °C/min to 350
°C under 450 psi of H2 pressure (controlled by a backflow regulator) for a residence time
of 3 hours and while continuously stirring (3000 rpm). The feed (coal liquid) to catalyst
ratio of 80:1 (by weight) was determined by a series of small-scale experiments.

Once cooled, this material was recovered from the bottom outlet valve using N2
over-pressure. 100 g of HDS-treated coal liquid was combined with 250 mL of THF in a
500 mL polypropylene centrifuge bottle and manually mixed until no sediment remained
on the bottom of the centrifuge bottle when inverted. The HDS-treated coal liquid/THF
mixture was then subject to centrifugation in a Thermo Scientific™ Sorvall™ ST 16
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centrifuge at 3000 rpm5 for 25 minutes. The supernatant was then decanted and filtered
using a 600 mL porosity D (20-40 micron diameter pore size) fritted glass funnel. Once
this process was completed, the solid remaining in the fritted glass funnel was put back
into the centrifuge bottle with 250 mL of fresh THF (and the remaining sediment in the
centrifuge bottle), mixed until no sediment remained on the bottom of the centrifuge bottle
and centrifuged again at 3000 rpm for 25 minutes. The supernatant was again decanted and
filtered using the porosity D fritted glass funnel. Finally, the remaining solids on the filter
were put back into the centrifuge bottle with the remaining sediment, and 250 mL of fresh
THF and centrifuged again at 3000 rpm for 25 minutes. After the final centrifugation the
decanted supernatant was filtered through an ultrafine (0.5-1 micron diameter pore size)
fritted glass funnel. This was repeated in 100 g batches until all material was filtered.

After the material was filtered three times, the liquid collected (through the fritted
glass funnels) was placed in a rotary evaporator. The liquid was gradually heated to 60 °C
for a residence time of 30 minutes to separate THF from the coal liquid. Finally, the liquid
was put in a vacuum oven set to 60 °C for 12 hours to ensure all THF was removed prior
to vacuum distillation. Mass yield was calculated for the HDS-treated, THF-filtered
material where the initial mass corresponded to the input mass into the reactor before
digestion and the final mass corresponded to the mass recovered after THF filtration.

5

Radius of rotation for the rotor used during centrifugation was 16.8 cm
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3.2.2

Vacuum Distillation and Thermal Treatment

Vacuum distillation of the HDS-treated, THF-filtered coal liquids followed the
method outlined in section 2.3.2. Softening point temperature (determined by DMA) was
measured for each isotropic pitch. Because pitch yields after vacuum distillation were low,
multiple runs were conducted to collect sufficient material for the subsequent thermal
treatment process.

Thermal treatment of isotropic pitch generated from vacuum distillation was
achieved by the following steps. Approximately 100 g of isotropic pitch in the form of
granules was transferred to a 250 mL6 four-neck round bottom flask and the initial mass of
the isotropic pitch was recorded. This flask was then placed in a heating mantle with a ktype thermocouple positioned on the middle of the mantle surface beneath the round bottom
to measure the mantle temperature during thermal treatment. An additional 3/32-inch
diameter k-type thermocouple was screwed into the thermocouple neck with a PTFE fitting
and positioned so that the probe was near the bottom of the pitch. A target pitch temperature
of 410 °C was achieved by controlling the pitch temperature using a National
Instruments™ CompactDAQ (data acquisition) system equipped with a NI-9401 8Channel Bidirectional Digital I/O module and NI-9210 C Series Temperature Input
module. National Instruments™ LabVIEW programming was used to control and record
pitch temperature. The mantle temperature was also monitored to ensure it did not over-

6

During initial runs, a 500 mL round bottom flask was used along with an impeller that was made inhouse
to accommodate the 24/40 neck size to allow the impeller to fit through the neck. Due to concerns with
proper mixing, this impeller was replaced with a commercially available impeller. However, this impeller
would not fit in the 24/40 500 mL flask neck (due to larger blades). As a result, a 250 mL round bottom
flask, with 34/45 neck size was used.
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temp (>500 °C), and stayed near 455 °C, which typically corresponded to a pitch
temperature of 410 °C.

During heat treatment, nitrogen was suppled at 0.85 liters/minute into one neck in
the flask. This port was plugged with a drilled rubber bung and a stainless-steel tube
supplying nitrogen. A mixing shaft - impeller was placed through the center neck of the
flask and adjusted to sit near the bottom of the flask to ensure steady mixing of the molten
pitch at 500 rpm for the duration of the treatment. To prevent inaccuracy in temperature
readings, the impeller, pitch thermocouple, and nitrogen tube were positioned so that they
did not touch during experiments. Volatiles were removed from the flask through the final
neck and collected in a condensing flask. This arrangement can be seen in Figure 3.2.
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Figure 3.2: Thermal treatment arrangement to convert isotropic pitch to mesophase pitch.
3.2.3

Quinoline Insolubles Testing (QI%)

As mentioned in section 1.4, quinoline insolubility has been an area of interest in
mesophase pitch-based literature. Therefore, mesophase pitch generated during these
experiments were tested to determine the fraction of quinoline insolubles (QIs) present in
each sample. The following method, slightly modified from ASTM D2318-20, was used,
and completed in triplicate for each sample. In a 50 mL beaker, 0.25 g of pitch, crushed to
a fine powder, was dissolved in 20 mL of quinoline. The beaker was placed on a hot plate,
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covered with a watch glass to prevent quinoline evaporation, heated to 200 °C for at least
one hour, and periodically stirred with a glass rod.

A Whatman GF/A glass microfiber filter (1.6 µm pore size) paper, dried in a
desiccation jar was weighed, and then used during filtration of the quinoline-pitch mixture
after the one-hour heating was complete. The quinoline-pitch mixture was poured over the
filter paper and filtered using vacuum filtration. Quinoline was used to rinse the beaker for
any additional pitch that may have adhered to the side of the beaker. Finally, THF was used
to rinse the filter cake to displace any quinoline left in the sample. The filter paper, with
quinoline insolubles, was removed from the apparatus and placed in a small aluminum pan.
The pan, filter paper, and quinoline insoluble pitch were placed on a hot plate set to 200
°C in a fume hood for two hours to evaporate any remaining solvent. After drying, the filter
paper was weighed and quinoline insolubles were calculated using the following equation:

𝑄𝐼 % =

(𝑓𝑖𝑛𝑎𝑙 𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 (𝑔)) − (𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 (𝑔))
𝑥 100
(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑖𝑡𝑐ℎ)

3.2.4

(3.1)

Mesophase Count

Polarized light microscopy was used to determine mesophase percentage of the
resulting mesophase pitch produced after thermal treatment. Mesophase pitch was mounted
into an epoxy “puck” by the following method. A 1-inch puck mold was coated with mold
release, and a pitch sample approximately ½ inch in height was used. Epoxy was prepared
by combining 1 oz of ULTRA-3000R-128-resin with 2.7 cc of ULTRA-3000H-3262

hardener and stirring well. A small amount of this epoxy was poured into the bottom of the
mold. The pitch sample was then placed in the bottom of the mold and the remaining epoxy
was poured until the mold was at least 3/4 full. The “puck” was cured in a convection air
oven set to 50 °C for two hours. Following curing, the sample was polished in a Buehler
EcoMet 3000™ with an AutoMet 200™ attachment, using 240, 400, and 600 grit
sandpaper with tap water for the first three polishing steps. Subsequent polishing used a
Buehler Ultrapool™ pad with 3-micron aluminum slurry, and a Buehler TexMet™
polishing pad with 0.05-micron aluminum slurry. The “puck” was then rinsed with tap
water and placed under a polarized light microscope to image and count for mesophase
percentage.

This was calculated in accordance with ASTM 4616-95, Standard Test Method for
Microscopical Analysis by Reflected Light and Determination of Mesophase in Pitch. A
1000-point count of the pitch was completed by observing if isotropic pitch was present on
one of the five markers on the crosshair reticle (left, right, top, bottom, and center). When
isotropic pitch was observed, a “no” tally was recorded, and when mesophase pitch was
observed a “yes” tally was recorded. This was completed until 1000 points were recorded,
and mesophase percentage was calculated from the “yes” tallies as follows:

𝑀𝑒𝑠𝑜𝑝ℎ𝑎𝑠𝑒 % =

𝑝𝑜𝑖𝑛𝑡𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑒𝑠𝑜𝑝ℎ𝑎𝑠𝑒: ("yes" tally)
𝑥 100
1000 (𝑡𝑜𝑡𝑎𝑙 𝑡𝑎𝑙𝑙𝑦)
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(3.2)

3.3

Results

Mesophase pitch was successfully produced from HDS-treated and THF-filtered
coal liquids (BGCR-P-HDS) where BG and CR were the starting materials, as shown in
Figure 3.3. Comparatively, Figure 3.4 shows BGCR-P exhibiting no mesophase growth (or
optical anisotropy) after 8 hours of thermal treatment at 410 ºC. This HDS treatment and
THF filtration process was only established and optimized throughout experiments with
BGCR-P. Therefore, this process was not performed on BGDO-P coal liquids (although it
may work for this material as well). Mesophase pitch was also produced from the neat
solvents CR and DO, without HDS treatment or THF filtration. For these materials, the
neat solvent was vacuum distilled to an isotropic pitch and the pitch was thermally treated
to produce mesophase pitch.
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Figure 3.3: Mesophase growth observed using polarized light microscopy in HDStreated, THF-filtered coal liquid BGCR-P-HDS isotropic pitch after 8 hours of thermal
treatment in the Linkam thermal stage set to 410 ºC. Scale bar length is 10 microns.
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Figure 3.4. Polarized light microscope optical image of BGCR-P-derived isotropic pitch
after 8 hours of thermal treatment in the Linkam thermal stage set to 410 ºC exhibiting no
optical anisotropy.
As discussed in section 2.5, HDS treatment and THF filtration did influence the
reported yields for coal liquids. Yield of coal liquid to isotropic pitch is reported in Figure
3.5. HDS treatment of coal liquids reduced the distillation yield to 20.5%. Still, this yield
was five times that of the neat solvent, and the isotropic pitch produced was viable for use
in the subsequent thermal treatment to mesophase. Additionally, 200 g of CR was HDS
treated, THF filtered, and distilled into an isotropic pitch7. The yield after distillation was

7

Tsp of this pitch was only ~70 ºC. However, since there was less than 8 g left after vacuum distillation,
this pitch could not be subject to further vacuum distillation to obtain a higher softening point pitch (closer
to 100 ºC).

66

4.0%, indicating that the additional steps had negligible effect on isotropic pitch yield, and
the neat solvent yield was sufficient for comparison with the coal liquid-derived materials.

Figure 3.5. Yield of the neat and digested creosote solvent, and digested coal liquid with
and without HDS treatment to isotropic pitch.
3.3.1

Coal Liquid-Derived Mesophase Pitch

In section 1.5.1, characteristics of ‘spinnable’ mesophase were discussed, and
included homogenously dispersed mesophase, and a softening point temperature less than
approximately 300 ºC. Tuning these properties proved to be difficult for coal liquid-derived
mesophase pitch. Results for each thermal treatment experiment are provided in Table 3.1
During the first thermal treatment (M111), a 3-hour treatment time at the target pitch
temperature (410 ºC) was selected based on previous experimentation with coal tar pitch
and early experience with non-HDS-treated coal liquid-derived pitches. The resultant pitch
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exhibited 100% anisotropy, as shown in Figure 3.6, but had a softening point of 411 ºC,
much too high to allow for fiber spinning.

Table 3.1: Mesophase run data for coal liquid-derived pitches (BGCR-P-HDS) including
time at target pitch temperature, total treatment time, target pitch temperature, mesophase
%, and softening point (Tsp) of the resultant mesophase.

Sample
Run
ID

Flask
Size
(mL)

Time at
Target Pitch
Temp
(hours)

Total
Treatment
Time
(hours)

Target
Pitch
Temp
(℃)

Mesophase
%

Tsp (℃)

1
2
3
4

M111
M112
M113
M114

500
500
500
500

3
1
1.5
1.37

3.3
1.3
2.47
1.67

410
410
410
410

100
47.8
100
10 to 80

411
280
391
299

5
6

M123
M127

250
250

1.67
2.5

1.98
2.82

410
390

100
1 to 3

>400
262

7

M130

250

3.5

3.8

390

5 to 8

338

Figure 3.6. Mesophase pitch (M111) sample produced from the first thermal treatment of
BGCR-P-HDS-derived isotropic pitch exhibiting 100 % mesophase. Scale bar length is
50 microns.
The second thermal treatment at 410 ºC of BGCR-P-HDS-derived isotropic pitch
(M112) was completed for a shorter duration (one hour), in an attempt to obtain mesophase
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pitch with a lower softening point. The result of this run was mesophase pitch with 47.8%
mesophase and a softening point temperature of 280 ºC, shown in Figure 3.7. Since the
mesophase content was low and literature [58] has suggested that mesophase and isotropic
regions exhibited different rheological behavior, concerns with spinning this pitch
prevailed. As a result, this material was subject to further thermal treatment in run 3
(M113), and an additional thirty minutes at the target pitch temperature was completed.
Due to the softening point of this “re-treated” material being higher than that of the original
isotropic pitch, the material took nearly 40 minutes to reach the target pitch temperature,
where the ramp temperature for previous runs was only 20 minutes. Consequently, the
resultant pitch softening point temperature was 391 ºC and the mesophase content was
100%. Again, too high for melt spinning.

Figure 3.7. Mesophase pitch produced from the second thermal treatment (M112)
experiment of BGCR-P-HDS-derived isotropic pitch with varying mesophase content and
47.8% mesophase. Scale bar length is 50 microns.
With more data available on ramp times, treatment times, resultant softening point,
and mesophase content, treatment time was targeted based on the empirical data presented

69

in Figure 3.8. The target treatment time (including ramp) was estimated by creating a linear
trendline for softening point (ºC) data plotted for the previous three runs versus time
(hours). Since the previous run with a softening point temperature of 280 ºC had large
regions of isotropic binder pitch, a slightly higher (320 ºC) softening point was targeted.
As a result, the following thermal treatment time was targeted at 100 total minutes,
including ramp time.

Figure 3.8. Duration of Thermal Treatment including Ramp Time (hours) plotted vs
Mesophase % and Softening Point Temperature (ºC) of resultant pitch with the target
time for the subsequent run (run 4) indicated.
Resultant mesophase pitch from the fourth thermal treatment (M114) showed
improvement from the previous experiments. The softening point of this pitch was 299 ºC,
which was in the target range for subsequent spinning. Further, some regions of the pitch
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exhibited high mesophase content, near 80%. However, as a whole, the mesophase
dispersion throughout the sample was not homogenous. As a result, other regions of the
pitch exhibited as little as 10% mesophase, as shown in Figure 3.9.

Figure.3.9: Mesophase pitch (M114) sample produced from run 4 (BGCR-P-HDSderived isotropic pitch) with varying mesophase content. Regions with approximately
10%, 23%, 55%, and 80% mesophase are represented in a, b, c, and d, respectively. Scale
bar length is 50 microns.
Although run 4 (M114) generated a sufficient spinning candidate, in an effort to
produce better results, additional runs were completed with varied treatment conditions.
For example, for runs 5 (M123), 6 (M127), and 7 (M130), an impeller with larger blades
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was used to increase mixing. To accommodate the new impeller, the 500 mL round bottom
flask was also replaced with a 250 mL round bottom flask with a slightly larger port (34/45)
for the mixing shaft. During run 5 (M123), all processing conditions and trends from the
previous four runs were considered and a total run time of 120 minutes was targeted.
Results were higher than expected, likely due to improved mixing and increased ratio of
surface area to volume in the smaller 250 mL flask. The resultant pitch softening point was
>400 ºC, and mesophase content of 100%, shown in Figure 3.10 and 3.11.

Figure 3.10. Mesophase pitch with 100 % mesophase produced from run 5 (M123),
where BGCR-P-HDS-derived isotropic pitch was used as the starting material.
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Figure 3.11. Mesophase pitch with 100 % mesophase produced from run 5 (M123),
where BGCR-P-HDS-derived isotropic pitch was used as the starting material.
During runs 1-5, it became apparent that the kinetics for mesophase formation from
coal liquids were vastly different from the kinetics for mesophase formation from coal tar
pitch with the thermal treatment method used. That is, the window for obtaining pitch with
suitable spinning properties was small at the 410 ºC treatment temperature, leaving little to
no room for error in thermal treatment run time. As a result, run 6 (M127) was completed
at a lower temperature to evaluate the effect of temperature on mesophase growth in
BGCR-P-HDS coal liquid-derived pitch.
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The target pitch temperature was lowered to 390 ºC and the pitch was held at this
temperature for 2.5 hours. The resultant softening point was 262 ºC, and the mesophase
content was only 1-3%. While not in the optimal range, the material did not overshoot the
target mesophase and softening point temperature – even with 50 minutes of additional
treatment time compared to run 5. Moreover, the material obtained from run 6 was then
subjected to an additional hour of heat treatment (M130) which brought the softening point
temperature up to 338 ºC and produced a slightly higher mesophase content of 5-8%.
Optical microscopy images of mesophase for these samples are shown in Figure 3.12.
While mesophase content did not increase dramatically, these results suggested that a lower
target pitch temperature may be necessary for coal liquid-derived pitches, but with longer
treatment times.

Figure 3.12: Polarized optical images of BGCR-P-HDS-derived mesophase pitch
produced from run 6, M127, (left) and run 7, M130, (right) exhibiting 3% and 8%
mesophase, respectively.
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3.3.2

Solvent-Derived Mesophase Pitch

3.3.2.1 Creosote
For the ‘baseline’ solvent-derived CR isotropic pitch, targeting optimal softening
point and mesophase content of the resultant mesophase pitch was less tedious. An initial
thermal treatment run of CR-derived isotropic pitch was completed after runs 1-4 of the
BGCR-P-HDS coal liquid-derived material. This influenced the targeted thermal treatment
time, in an attempt to compare the behavior of both the coal liquid-derived and the solventderived isotropic pitch. As such, the first solvent-derived isotropic pitch was heat treated
for 2 hours plus ramp time. The results for these run, and subsequent runs, are presented in
Table 3.2. From run 1 (M115), it was apparent that the formation of mesophase was much
slower in the CR solvent-derived mesophase pitch samples, as only 1% mesophase was
present, shown in Figure 3.13, after a similar heat treatment time that produced 100%
mesophase in the BGCR-P-HDS coal liquid-derived samples (M111 and M113).

Table 3.2: Mesophase run data for creosote-derived pitches including heat treatment time,
target pitch temperature, mesophase %, and softening point of the resultant mesophase.

Run

Sample
ID

Flask
Size
(mL)

Time at
Target Pitch
Temp (hrs)

Total
Treatment
Time (hrs)

Target
Pitch
Temp (℃)

Mesophase
%

Tsp
(℃)

1

M115

500

2.00

2.33

410

0-1

188

2

M117

250

5.00

5.33

410

100

375

3

M120

250

3.50

4.17

410

82

331
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Figure 3.13 Mesophase pitch sample (M115) produced from first thermal treatment of
‘baseline’ CR-derived isotropic pitch. Scale bar length is 10 microns.
Based on these results, a second run (M117) was completed, where the heat
treatment time was increased to 5 hours, plus ramp time. This produced mesophase pitch
with a 375 ºC softening point, and 100 % mesophase, shown in Figure 3.14. While not
optimal, this run, and the previous run, were able to provide enough guidance for the
subsequent run. Since the sample from run 1 (M115) had a low softening point and low
mesophase percent, it was put back into the round bottom flask for additional heat treatment
(M120). Experience with adding time to the coal liquid-derived material led to steady
monitoring of ramp time, as the starting material had a higher softening point. In total, this
material was subject to 4.17 hours of thermal treatment. The resultant pitch had a softening
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point of 331 ºC and 82% mesophase, as shown in Figure 3.15. Here it is important to note
the mesophase domain size, shown in Figure 3.14 and 3.15. For both mesophase pitches
derived from neat CR, domain size was small (on the 𝜇m scale), possibly due to the
mesophase spheres not fully coalescing into bulk mesophase. Based on the work of Marsh
et al. [62], these CR-derived mesophase pitches (M117 and M120) show an optical texture
of fine-grained (<1.5 𝜇m size) and medium-grained (1.5-5.0 𝜇m size) mosaics. Using the
optical texture index (OTI), described by Marsh et al. [62], this mesophase pitch would
have an OTI8 of 3.

Figure 3.14: Mesophase pitch produced from the second thermal treatment run (M117) of
CR-derived isotropic pitch (without coal) exhibiting 100 % optical anisotropy.

8

OTI is an arbitrary way to quantify the microscopic appearance of optical texture. The OTI scale ranges
from 0-30, where 0 corresponds to isotropic pitch. As mosaic size increases, OTI ranking increases.
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Figure 3.15. Mesophase pitch produced from the third thermal treatment (M120) run of
CR-derived isotropic pitch (without coal) with 82% mesophase content.
After thermal treatment of isotropic pitch, overall yield was calculated for the
creosote (CR) and coal liquid (BGCR-P-HDS)-derived mesophase pitch. Results are
presented in Table 3.3. A higher yield was observed for the BGCR-P-HDS compared to
CR in both distillation and thermal treatment9 processes. Further, overall yield for BGCRP-HDS was more than 5 times greater than overall yield for CR. These results indicate a
clear mass yield advantage when coal is incorporated into the solvent to produce a coal
liquid-derived mesophase pitch.

9

In prior thermal treatment experiments conducted with isotropic coal tar pitch, average mass yield to
mesophase pitch was approximately 50 wt.%, and never as high as the yield reported here for BGCR-PHDS.
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Table 3.3: Digestion, distillation, thermal treatment, and overall yield to mesophase pitch
for the baseline-neat solvent (CR) and coal liquid (BGCR-P-HDS)-derived samples.

Sample

Mesophase
%

Tsp
(℃)

Digest Yield
(Recovery%)

Isotropic
Yield
(wt.%)

Mesophase
Yield
(wt.%)

Overall
Yield
(wt.%)

CR
(M120)

82

331

-

4.0

53.7

2.1

BGCRP-HDS
(M114)

10 to 80

299

80.0

20.5

71.3

11.7

3.3.2.2 Decant Oil
As mentioned in section 3.3, coal liquids derived from BG and DO were not HDStreated or THF-filtered to produce an isotropic pitch suitable for mesophase formation, as
all processing conditions were optimized for the BGCR-P material. Prior to knowing that
these extra steps would be necessary, the DO-derived isotropic pitch (with no coal) was
subject to thermal treatment to produce mesophase pitch. At the time this material was
thermally treated, a 2-L cylindrical reactor vessel was utilized, and 600 g of material was
treated during the run. This was ultimately scaled down later in experimentation to account
for the low yield in digestion and distillation processes, and to preserve material while
optimizing time and temperature profiles for thermal treatment. The DO-derived isotropic
pitch was treated for 8 hours (due to 600 g of starting material) at 410 ºC in a flowing N2
atmosphere (7 L/min) and produced a pitch (M92) with 100% mesophase and a 298 ºC
softening point. Figure 3.16 illustrates the mesophase produced, with flow domain
anisotropy, >60 𝜇m in length and 10 𝜇m in width [62]. This differed significantly from the
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mesophase produced from the neat creosote (CR)-derived isotropic pitch, exhibiting finegrained and medium-grained optical texture and would have an OTI of 30.

Figure 3.16. Mesophase pitch (M92) optical microscopy images derived from DO
(without coal) isotropic pitch exhibiting flow domain anisotropy (100% mesophase).
Scale bar length is 50 microns.
Although a comparison could not be made to BGDO-P-derived mesophase, results
were compared to what was presented in literature. In Table 3.4, the overall mass yield for
the DO-derived sample is reported at 5.8%. This is slightly lower than the yield reported
by Lou et al. [20] (10-20%), and significantly lower than the yield reported by Park et al.
[21] (20-30%). This may be attributed to differences in feedstock, as DO is a by-product
of petroleum refining and a complex mixture of compounds. Additionally, differences in
processing conditions may be responsible for the reported lower yield. As the objective of
this work was to compare coal liquid-derived carbon fibers to solvent-derived carbon
fibers, the primary interest was in subjecting both the neat solvent and the coal liquid to
the same experimental conditions. While this may have not optimized yield, it did allow
for more representative comparisons to be made.
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Table 3.4. Yield of decant oil (DO) neat solvent to isotropic pitch (Distillation Yield),
isotropic pitch to mesophase pitch (Thermal Treatment Yield) and decant oil to
mesophase pitch (Overall Yield to Mesophase Pitch).
Sample

Distillation Yield
(wt.%)

Thermal
Treatment Yield
(wt.%)

Overall Yield to
Mesophase Pitch
(wt.%)

DO (M92)

14.3

40.3

5.8

3.3.3

Quinoline Insolubles

HDS-treated and THF-filtered10 coal liquid-derived (BGCR-P-HDS), coal liquidderived (BGCR-P), neat solvent-derived (CR), and digested solvent-derived (CR-P)
isotropic pitches were tested for QI content and the results are reported in Table 3.5. QI%
of isotropic pitch produced after HDS-treatment and THF filtration of the coal liquid was
1.00%, whereas QI% for isotropic pitch produced without these steps was significantly
greater, at 12.64%. As presented in section 1.4, Taylor et al. [53] described the influence
of QI particles in isotropic pitch on mesophase formation and concluded that QI particles
may increase viscosity, prevent coalescence of mesophase, and influence the physical
properties of the resultant mesophase. Specifically, mesophase spheres would nucleate, but
QI migrated to the interfaces of the mesophase and surrounding isotropic pitch, and
effectively ‘pinned’ the mesophase spheres, inhibiting coalescence of the spheres into bulk
mesophase. Although a specific QI% is not discussed, increasing QI content seemed to
coincide with an increased effect of QI on the resultant pitch. For the samples studied here,
10

THF filtration without HDS treatment of BGCR-P coal liquid was completed to determine if proper
filtration was the key to mesophase formation, since pressurized filtrations during early experiments was
often unsuccessful due to filter blinding and breakage. The THF-filtered coal liquid was distilled to an
isotropic pitch. Upon thermal treatment to obtain mesophase pitch, this material behaved similarly to
BGCR-P-derived isotropic pitch (not HDS treated or THF filtered). After 40 minutes of thermal treatment
the pitch viscosity increased significantly, and the mixing shaft torqued out.
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those with low QI% (less than 3%) exhibited mesophase formation. However, the samples
with significantly higher QI% did not.

Additionally, digested creosote-derived (CR-P) isotropic pitch had a lower QI%
than the neat solvent-derived (CR) isotropic pitch. In discussing the impact of digestion on
resultant isotropic pitch, some quinoline insoluble fraction may have been removed by
pressure filtration, (or left in the reactor) prior to vacuum distillation. While both pitches
were readily converted to mesophase, literature [53] suggested that the resultant mesophase
pitches likely have different physical properties due to different QI content. For example,
based on the ‘pinning’ effect discussed by Taylor et al.[53], mesophase pitch produced
from CR-derived isotropic pitch would likely exhibit a higher viscosity compared to
mesophase pitch produced from CR-P-derived isotropic pitch due to the higher QI content
in the CR-derived isotropic pitch.
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Table 3.5. Quinoline insoluble (QI%) content for coal liquid-derived isotropic pitches
with and without HDS-treatment/THF filtration, and solvent derived-pitches from CR,
CR-P, and DO.
Isotropic Pitch Quinoline Insolubles
Parent Sample Description

Sample ID

QI%

Exhibited
Mesophase
Formation?

Blue Gem Coal/Creosote-derived
Coal Liquid

BGCR-P

12.64

NO

HDS-Treated & THF Filtered
Blue Gem Coal/Creosote-derivedCoal Liquid

BGCR-P-HDS

1.00

Yes

Creosote

CR

2.36

Yes

Digested Creosote

CR-P

0.65

Yes

Decant Oil

DO

0.17

Yes

3.4

Conclusion

Inhibition of mesophase formation during early thermal treatment experiments of
isotropic pitch stemming from coal liquids created the need for additional processing
conditions such as HDS treatment and THF filtration of coal liquids prior to vacuum
distillation. While this did reduce the mass yield to isotropic pitch, the yield of HDS-treated
coal liquid (BGCR-P-HDS) to isotropic pitch was still 5 times greater than the yield of CR
neat solvent to isotropic pitch. Overall yield, from liquid to mesophase pitch shows similar
trends, where the yield of HDS-treated coal liquid (BGCR-P-HDS) to mesophase pitch
(M114) was nearly 4 times greater than the yield of neat solvent (CR) to mesophase pitch
(M120). From these results, coal clearly had a positive influence on yield.
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Additionally, conversion from isotropic pitch to mesophase pitch proved to be
much faster for coal liquid-derived materials compared to the neat solvent. At a treatment
temperature of 410 ºC, coal liquid-derived materials converted to mesophase (M114) with
a reasonable softening point temperature (299 ºC) in just 1.33 hours, whereas neat solventderived materials required nearly 3.5 hours to achieve mesophase pitch (M120) with a
similar softening point temperature (331 ºC). While this faster conversion did make it
difficult to tune in to the optimal treatment time for bench-scale experiments, this faster
treatment time may be advantageous for large scale commercial production.

Finally, a correlation was made between QI content in isotropic pitch and
mesophase formation during thermal treatment. Isotropic pitch samples with QI% less than
3% exhibited mesophase formation, while samples that had higher QI% (12.64%) did not.
Although this does not necessarily mean that the QI content inhibited mesophase
formation, it may suggest there was an upper limit of QI% that could be present in coal
liquid-derived isotropic pitches and their neat solvent counterparts for quality mesophase
formation (with an OTI >20). Additionally, this may explain the difference in mesophase
pitch produced from neat CR-derived isotropic pitch and neat DO-derived isotropic pitch.
Upon thermal treatment, the neat CR-derived isotropic pitch (with 2.36% QI) produced
mesophase pitch (M117 and M120) with small domains of mesophase (on the tens of 𝜇m
scale). Comparatively, DO-derived isotropic pitch (with 0.17% QI) produced mesophase
(M92) with a continuous flow domain, consistent with bulk mesophase. The influence of
QI could be further explored by varying QI content in coal liquid-derived isotropic pitches
and studying the effect on mesophase growth during thermal treatment.
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Further, QI% was lower in the digested solvent-derived isotropic pitch compared
to the neat solvent-derived isotropic pitch. While the slight difference in QI% seemed to
have a negligible effect on the ability to form mesophase, it may influence the viscosity of
the mesophase produced. In terms of comparing the solvent-derived material with coal
liquid-derived material, future experiments should include the conversion of digested
solvents, as well as HDS-treated and THF-filtered solvents to mesophase pitch to determine
what effects these processes may have on the resultant carbon fiber properties.

In the following chapter, efforts to melt spin the materials mentioned in Chapter 2
and Chapter 3 into green (not thermally processed) fibers are discussed. Further, green
fibers, carbonized fibers, and graphitized fibers were imaged by SEM and fiber
morphology was analyzed. Tensile properties of graphitized fibers stemming from BGCRP-HDS, CR, and DO mesophase pitches were determined by single filament tensile testing.
Results are reported for resultant fibers from both coal liquid and neat solvent precursors.
Additionally, the tensile properties of carbonized BGDO-P-derived isotropic pitch-based
fibers are reported along with scanning electron micrographs of isotropic pitch-based fibers
stemming from BGDO-P, BGCR-P and CR.
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CHAPTER 4. MELT SPINNING AND CARBON FIBERS
4.1

Introduction

Both general purpose (isotropic pitch-based) carbon fibers and high performance
(mesophase pitch-based) carbon fibers are valuable for a variety of products. Thus, fibers
were spun from isotropic and mesophase pitch derived from coal liquids and neat solvents
produced in previous experiments. All fibers were imaged using a Hitachi S-4800 high
resolution scanning electron microscope (SEM) and fibers prepared from coal liquids were
compared to those prepared from the commensurate neat solvent.

4.2

Materials and Methods

Isotropic pitch discussed in section 2.4.1 and mesophase pitch discussed in section
3.3 are listed in Table 4.1 along with softening point and QI content. Additionally, ultimate
analysis (ASTM D3176) and proximate analysis (ASTM D3172) information for these
materials is available in Table 4.2 and Table 4.3, respectively.

These samples were subject to melt spinning to produce nascent (green) fibers –
not yet oxidized or carbonized. Melt spinning of other mesophase pitch samples, listed in
Table 4.4, that were less ideal spinning candidates—those with a high softening point
temperature or low mesophase content—was attempted, but not successful. This includes
BGCR-P-HDS-derived pitch produced from run 3 (M113), with a softening point
temperature of 391 °C, and run 7 (M130), with 5-8% mesophase, from section 3.3.1. In
fact, stable melt spinning of nearly all of these pitches was challenging. This is addressed
extensively later in this chapter. After spinning, isotropic pitch-based carbon fibers were
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subject to further oxidative stabilization and carbonization, while mesophase pitch-based
carbon fibers were subject to oxidative stabilization, carbonization, and graphitization heat
treatments.

Table 4.1: Materials that were spun into green fibers, spin run names, softening point
(Tsp) and quinoline insoluble content (QI).

Material

Spin Run
Name(s)

Mesophase or
Isotropic?

Tsp (ºC)

QI (%)

Mesophase
%

BGCR-P

PS418
PS419
PS420
ICR1

Isotropic

120

12.64

-

CR

ICR2

Isotropic

87

2.36

-

Mesophase

299

54.11

10 to 80

Mesophase

331

51.32

82

Isotropic

266

26.24

-

Mesophase

298

43.25

100

BGCR-P-HDS
CR
BGDO-P
DO

PS401
PS404
PS407
PS415
PS417
PS429
PS430
ICR3
PS374
PS387
PS388
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Table 4.2: Proximate analysis (wt.%) for mesophase and isotropic pitch materials that
were melt spun into green fibers. Calculations were made on an as-received basis.

Material

Mesophase
or
Isotropic?

% Ash

% Moisture

% Oxygen

%Volatile

% Fixed
Carbon

BGCR-P

Isotropic

0.97

0.05

2.14

64.54

34.43

CR

Isotropic

0.89

<0.01

0.95

66.71

32.40

BGCR-PHDS

Mesophase

0.58

0.10

1.84

28.09

71.24

CR11

Mesophase

3.97

0.14

0.24

16.94

78.95

BGDO-P

Isotropic

0.42

<0.05

-

34.76

64.82

DO

Mesophase

0.19

0.01

<0.01

15.15

84.66

Table 4.3. Ultimate analysis (wt.%) for mesophase and isotropic pitch materials that were
melt spun into green fibers. Calculations were made on an as-received basis.

Material

Mesophase or
Isotropic?

%C

%H

%N

%S

C/H

BGCR-P

Isotropic

89.46

5.13

1.61

0.69

17.4

CR

Isotropic

91.36

4.82

1.40

0.58

19.0

BGCR-PHDS

Mesophase

90.67

4.40

2.02

0.49

20.6

CR

Mesophase

89.00

3.32

1.51

0.96

26.8

BGDO-P

Isotropic

88.44

5.15

1.23

-

17.2

DO

Mesophase

95.72

4.27

0.01

0.03

22.4

11

The accuracy of the high ash content reported for CR-derived mesophase pitch (Tsp of 331 °C and 82%
mesophase) was initially in question. To ensure this value was not the result of an error while completing
proximate analysis, this material was tested a total of 10 times (standard analysis calculations are
completed in triplicate). To ensure this value was not the result of contamination of the material (that would
result in a higher ash content), the CR-derived mesophase pitch (Tsp of 375 °C and 100 % mesophase) was
also subject to proximate analysis testing, and the ash content was reported at 2.77%.
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Table 4.4. Attempted spin runs for less ideal starting materials.

Material

Spin Run
Name(s)

Mesophase or
Isotropic?

Tsp (ºC)

Mesophase %

BGCR-P-HDS

PS402

Mesophase

391

100

BGCR-P-HDS

PS426

Mesophase

338

8

4.2.1

Melt Spinning

The objective during melt spinning was to soften the solid pitch so that it would
flow through the spinneret, emerge as a cylindrical jet just outside the spinneret capillary,
then attenuate into a fine filament as it accelerated and was drawn down, while cooling and
vitrifying in air as it formed the filament. The result of this process was green fiber
production. For melt spinning of the materials listed in Table 4.1, the following melt
spinning procedure was followed. 8-10 g of pitch granules was put into a pressure vessel
with a single-hole spinneret fixed to the bottom. A sintered stainless-steel filter with 20 𝜇m
pore size was pressed into the counterbore of the spinneret, just upstream of the capillary,
to remove undesired particles prior to spinning. The vessel was placed inside a heater band
that was used to heat the pitch, and the top of the vessel was secured gas-tight.

Also at the vessel top was a nitrogen inlet valve, pressure relief valve, and a k-type
thermocouple probe (with tip in the pitch) connector. This set up is represented in Figure
4.1. The pitch thermocouple was used to monitor the pitch temperature while heating, to
determine when the pitch was melted in the vessel and ready to begin spinning. During
heat-up, N2 gas was pressured in the capsule which hissed out the spinneret capillary until
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the temperature at which the pitch began to flow more readily. When the sintered metal
filter was coated with liquid pitch, N2 could no longer escape via the capillary and hissing
ceased. With further pressurizing at the final target temperature, the liquid pitch extruded
out of the capillary. The pitch temperature was controlled with the heater band surrounding
the vessel and the temperature of this band was controlled with an additional k-type
thermocouple. During each spin run the mesophase pitch temperature was approximately
50 ºC higher than the pitch softening point temperature. For isotropic pitch, this
temperature was approximately 10 ºC higher than the pitch softening point temperature.

Figure 4.1. Pressure vessel set-up for pressure spinning pitch.
After the pitch reached the target pitch temperature, and the filter was wetted with
the liquid pitch, pressure in the capsule was increased between 200-700 psi by adjusting

90

the nitrogen source pressure regulator. If the pitch had not fully wetted the filter, nitrogen
hissing could be heard, and nitrogen pressure was reduced until hissing was no longer
heard. Pitch temperature was increased in 5 ºC increments and nitrogen was turned back
on. When hissing subsided, pressure from the nitrogen flow pushed the softened pitch
through the spinneret to form a fiber that was pulled to and attached to the surface of a
rotating spool directly below the vessel. Spool speed was increased to increase the draw
down ratio and reduce fiber diameter until the fiber broke. The target diameter for the fibers
was <20 𝜇m, however, differences in pitch properties made this difficult for most pitches
studied here. In these cases, fiber with the smallest diameter that was achievable was
collected. This process was repeated until the pitch in the vessel would no longer pull into
a fiber or until the supply of pitch in the vessel was gone. Collected green fibers were
sputter coated with Au and imaged using the SEM. The cross sections of at least 30 fibers
were measured using the SEM software to determine the average green fiber diameter.

4.2.2

Oxidative Stabilization

After the green fibers were collected, they were placed, untensioned, into a Thermo
Scientific™ Heratherm™ General Protocol Convection (air) oven. For mesophase pitchderived green fibers, the oven was programmed with the following oxidation profile.
Temperature was ramped from room temperature to 120 ºC at 1 ºC/minute. From 120 ºC,
the temperature was ramped at 0.15 ºC/minute until temperature reached 310 ºC. Fibers
were held at this final temperature for 30 minutes, and then allowed to cool.
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For low temperature isotropic pitch-based green fibers (those derived from BGCRP and CR), the oxidation profile was changed to adjust for the lower softening point of the
fibers and to reduce the chance of inter-filament fusion (sticking). This fiber was placed in
the same convection oven and ramped from room temperature to 75 ºC at 0.15 ºC/minute.
From 75 ºC, the temperature was ramped at 0.075 ºC/minute to 310 ºC. Fibers were
weighed before and after oxidative stabilization.

4.2.3

Carbonization and Graphitization

Following oxidative stabilization, both isotropic and mesophase pitch-based fibers
were subject to carbonization. Fibers were placed in a Thermal Technology Inc-Labmaster
(1000-3060-FP20) very high temperature laboratory furnace in a flowing helium
atmosphere and temperature was ramped from room temperature to 900 ºC at 10 ºC/minute.
Temperature was held at 900 ºC for 1 hour. At this time, isotropic pitch-based fibers were
allowed to cool, removed, and processing was complete. Mesophase pitch-based fibers,
however, were immediately subject to further heat treatment to promote graphitization of
the carbon fibers. From 900 ºC, the temperature was ramped to graphitizing temperatures,
held at the final temperature for 30 minutes, then cooled to room temperature. Following
graphitization (or carbonization for isotropic fibers), carbon fibers were imaged in the SEM
in the same way discussed in section 4.2.1. Rather than measuring 30 fibers, 100 fiber cross
sections were measured and averaged to determine fiber diameters. Additionally, fiber
surfaces were imaged to investigate fiber quality, such as the presence of voids, surface
defects, and fiber roughness.

92

4.2.4

Tensile Testing

Carbonized (isotropic) and graphitized (mesophase) carbon fibers were subject to
single filament tensile testing using an MTS QTest10 Elite with an in-line Interface MFG
(ULC-2N) 2 N maximum capacity load cell. Each fiber was individually placed on an
aperture card (cardstock with a cut out of specific gauge length) with rubber tipped
tweezers and mounted with tape, then epoxy at the edge of the aperture – fixing the filament
gauge length. Once the epoxy was cured, the aperture card, containing the mounted fiber,
was clamped between the bottom and top clamps (attached to the load cell). Each side of
the aperture card was cut so that only the fiber was under tension during testing. Fibers
were mounted and tested at four different gauge lengths (L), of 20, 30, 40, and 50 mm.

Axial tension of the fibers was measured until fiber breakage with a test speed of
0.1 mm/min. The break stress and modulus for each fiber was calculated by the instrument
software using the average fiber diameter discussed in section 4.2.3. The calculated
apparent modulus reported by the instrument software, stemming from equilibrating strain
to crosshead displacement, was adjusted by a compliance correction to account for the
cumulative displacements of the system (load cell, epoxy, etc.) being the same magnitude
of the fibers. These calculations are discussed in the Appendix.
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4.3

Results
4.3.1

BGCR-P and CR Isotropic Pitch Fibers

Spinning of all fibers, including the isotropic pitch fibers, proved to be difficult for
both the coal liquid-derived sample (BGCR-P) and CR-derived sample. As the BGCR-P
isotropic pitch sample had a significantly higher QI content, this sample was run first with
the expectation that CR-derived isotropic pitch would be able to spin under the same
conditions. The first attempted spin run (PS418) of coal liquid-derived isotropic pitch was
conducted using a 100 𝜇m diameter spinneret with a L/D ratio of 5/1, and 145° entrance
angle. Despite the material having a low softening point, softened pitch would not flow
through the spinneret, regardless of the pitch temperature and nitrogen pressure applied
during the run. It was hypothesized that particles in the pitch blinded the filter during this
run, resulting in the failure to spin. The next run (PS419) was conducted with the same
spinneret, and without the filter to try to successfully draw fiber. During this run, pitch did
flow out of the spinneret for a brief period of time but did not flow fast enough to be drawn
down to the collection spool. After ~5 minutes, the material exhibited the same behavior
observed in the first spin run and became plugged in the spinneret. During the third spin
run (PS420), material was sieved to less than 150 𝜇m and a 150 𝜇m diameter spinneret
with L/D ratio of 5/1 and 120° entrance angle was used. Despite changes, the results of this
spin run (PS420) were similar to the previous two (PS418 and PS419) spin runs and the
spinneret became plugged.

Based on these results, spinning of this material was possible, but needed to flow
much faster in order to draw the fiber to the spinning spool. Since this system could not
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exceed pressures higher than 700 psi, an alternative route was attempted. The BGCR-P
isotropic pitch was grinded down and sieved to less than 300 𝜇m and loaded into a Dynisco
Polymer Test (LCR7000) capillary rheometer with a 300 𝜇m diameter spinneret with an
L/D ratio of 5/1, and 120° entrance angle. This allowed for higher pressure to be achieved
and the isotropic pitch to melt pool12 and be drawn into fibers (I-CR1) that were collected
on a spinning spool. However, due to the unconventional nature of this method, achieving
a consistent fiber diameter was difficult, as shown in Figure 4.2 and 4.3. As a result, the
average fiber diameter after carbonization was 130.1 ± 31.4 𝜇m. Further, these fibers also
exhibited significant surface roughness, likely due to particles in the pitch during spinning
since no filter was used.

12

Melt pool spinning occurs when the surface of the spinneret becomes wetted with a ‘pool’ of pitch.
Rather than drawing fiber from the spinneret (with a known diameter), the fiber is drawn from the melt
pool (with an unknown diameter).
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Figure 4.2. Scanning electron micrograph of (green) isotropic pitch-based carbon fibers
(I-CR1) derived from non-HDS treated BGCR-P coal liquid exhibiting a rough surface.
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Figure 4.3. Scanning electron micrograph of carbonized isotropic pitch-based carbon
fibers (I-CR1) derived from non-HDS treated BGCR-P coal liquid exhibiting varying
diameters and rough surface defects.
In order to compare coal liquid-derived fibers with neat solvent-derived fibers, neat
solvent-derived isotropic pitch (isotropic CR) was also spun using the capillary rheometer.
Similar to the coal liquid-derived fibers, CR-derived isotropic fibers (I-CR2) exhibited
surface roughness and varying fiber diameter, as shown in Figure 4.4. Unfortunately,
during oxidative stabilization, both coal liquid-derived and neat solvent-derived isotropic
pitch-based fibers fused together, preventing tensile testing. The inter-filament fusion of
neighboring BGCR-P isotropic pitch-based fibers (I-CR1) is shown in Figure 4.5.
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Figure 4.4. Scanning electron micrograph of CR-derived green isotropic pitch-based
carbon fibers (I-CR2) exhibiting surface defects and varying fiber diameter.
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Figure 4.5. Scanning electron micrograph of carbonized isotropic pitch-based carbon
fibers (I-CR1) derived from BGCR-P exhibiting fiber fusion between neighboring
filaments.
4.3.2

BGDO-P Isotropic Pitch Fibers

Due to fiber fusion after oxidative stabilization of the BGCR-P (I-CR1) and CRderived (I-CR2) isotropic pitch-based fibers, BGDO-P isotropic pitch was subject to further
vacuum distillation to increase the softening point temperature prior to melt spinning
attempts. With additional vacuum distillation, BGDO-P-derived isotropic pitch was
produced with a softening point temperature of 266 ºC. This softening point temperature
was selected since commercial A500 (petroleum-based isotropic pitch) has a softening
point temperature of 258 ºC, and tensile properties were readily available in literature [27]
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that could be used to compare BGDO-P coal liquid-derived isotropic pitch-based carbon
fibers to.

Due to the high viscosity of this pitch, melt spinning from the pressure vessel was
unsuccessful (PS429 and PS430), since the molten pitch flow was too slow, and pitch could
not be drawn down to the spool. As a result, BGDO-P-derived isotropic pitch was also melt
spun using the Dynisco Polymer Test (LCR7000) capillary rheometer with a 300 𝜇m
diameter spinneret with an L/D ratio of 5/1, and 120° entrance angle.

As with the BGCR-P and CR-derived isotropic pitch, spinning to a consistent fiber
diameter with this method was challenging. This was in part due to how quickly the tape
on the collection spool became concentrated with fibers, as shown in Figure 4.6. The size
and stiffness of these fibers made it difficult for them to lay flat against the spool. As a
result, after fiber was successfully drawn to the collection spool, it would often be broken
by a stray fiber sticking out from the tape. The collection spool was changed three times to
allow for the collection of a sufficient number of fibers for tensile testing. However, this
caused fiber diameter to vary significantly. The average fiber diameter for green fiber (ICR3) derived from BGDO-P isotropic pitch was 94.8 𝜇m ±19.2 𝜇m. Surface defects were
observed in scanning electron micrographs of BGDO-P-derived green fibers (I-CR3), as
shown in Figure 4.7.
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Figure 4.6. Collection spool after BGDO-P-isotropic pitch-based fibers (I-CR3) were
removed, except those stuck to the tape on the collection spool. Stiffness of isotropic
fibers can be observed.
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Figure 4.7. Scanning electron micrograph of BGDO-P coal liquid-derived isotropic pitchbased green fibers (I-CR3) where surface defects were observed.
After SEM imaging, the green fibers were subject to oxidative stabilization and
carbonization. No visible fusion was observed after oxidative stabilization, likely due to
the higher softening point temperature of these isotropic pitch-based fibers, compared to
the fibers produced from BGCR-P and CR-derived isotropic pitches. After carbonization,
fibers were imaged again in the SEM. The average fiber diameter for carbonized fibers13
was 95.8 𝜇m ±15.8 𝜇m.

13

The reported average fiber diameter for BGDO-P carbonized fibers was slightly larger than the average
fiber diameter for the green fibers. Upon carbonization, it is known that fibers will undergo mass loss and
shrinking. Typically, carbonized, or graphitized carbon fiber diameters are 5-10 𝜇m smaller than green
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Scanning electron micrographs of the cross section of carbonized fibers, shown in
Figure 4.8, revealed that these fibers had formed a ‘skin-core’ structure, consistent with
insufficient stabilization, likely caused by the large fiber diameters. Some fibers were
hollow, with the un-stabilized core missing. Upon observing the surface of the fibers, as
shown in Figure 4.8, it was hypothesized that during carbonization (while fibers were
oriented vertically) the un-stabilized core melted. The melted core then sank to the bottom
of the fiber filament and burst through the outer wall of the fiber, creating the ‘hollowfiber’ effect observed.

Figure 4.8. Scanning electron micrographs of BGDO-P-derived isotropic pitch-based
carbon fiber (I-CR3) after carbonization exhibiting a skin-core morphology (left) and
hollow fiber morphology (right).

fibers. However, due to the wide variance in fiber diameter while melt spinning, it is likely that the bundle
of green fibers imaged in the SEM were slightly smaller than the bundle of fibers that were tensile tested
and reported here as carbonized fibers.
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Figure 4.9. Scanning electron micrograph of BGDO-P-derived isotropic pitch-based
carbon fiber (I-CR3) exhibiting a hollow cross section and rupture through the surface of
the fiber.
Tensile properties for BGDO-P-derived isotropic pitch-based carbon fibers are
reported in Table 4.5 (N=19). Due to the large fiber diameter, it was difficult to directly
compare the tensile strength of coal liquid-derived fibers to those reported in literature (for
A500 petroleum pitch) where fiber diameters were <30 𝜇m. For example, in one study [27]
the reported tensile strength of A500 isotropic pitch-based carbon fibers was 400-500 MPa,
significantly higher than reported here for BGDO-P-derived isotropic fibers. However,
these BGDO-P-derived isotropic pitch-based carbon fibers (I-CR3) do pose the advantage
of high pitch yield. The applications for “DONACARBO” [63] isotropic coal tar pitchbased carbon fibers include heat insulation, thermoplastic reinforcement, thermosetting
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resin compounds, etc. and the emphasis for these fibers is not their tensile strength or
modulus, but their specific surface area. Thus, the production of BGDO-P-derived isotropic
pitch-based carbon fibers (I-CR3) discussed in this chapter provides a path towards making
such products (heat insulation, thermoplastic reinforcement, etc.) from coal liquids, with
the advantage of high pitch yield.

Table 4.5. Tensile properties14 for BGDO-P coal liquid-derived isotropic pitch-based
carbon fibers (I-CR3).

Starting Material

BGDO-P

4.3.3

Coal
Liquid

Stress At Break
(MPa)

Modulus
(GPa)

Strain at Break
(%)

41.7 ± 20

24.0 ± 4.4

1.04% ± 0.16%

Mesophase Pitch Fibers

For melt spinning of mesophase pitch, a 100 𝜇m diameter spinneret with a L/D ratio
of 5/1, and 145° entrance angle was used during each spin run to produce comparable fibers
from both coal liquid (BGCR-P) and neat solvent (CR and DO)-derived mesophase pitch.
As briefly discussed in section 4.2, melt spinning of less ideal coal liquid-derived
mesophase pitch (with softening point temperatures greater than 390 ºC) was attempted,
but unsuccessful (PS402). Mesophase pitch produced from run 4 (M114 from Table 3.1)
was the only coal liquid-derived sample (BGCR-P-HDS) that was spun into fibers. This
occurred during the first spin run (PS401) with this material. However, spinning was only

14

Area for these fibers was calculated as the area contained within the outer diameter of the fibers
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successful for 2-3 minutes and average graphitized fiber diameter was 41.2 𝜇m, much
larger than the targeted 20 𝜇m diameter. Two additional spin runs were attempted (PS404
and PS407) with this material to try to produce fibers with a smaller diameter, but spinning
was not stable enough to collect fibers on the spinning spool. In all cases, small segments
of fiber (<6 inches in length) would be drawn, followed by globules of pitch that would
temporarily form on the surface of the spinneret prior to drawing, as shown in Figure 4.10.
This behavior would alternate, until only globules of pitch would exit the spinneret and no
filaments would form.
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Figure 4.10. Green fiber approximately 6-8 inches in length drawn from BGCR-P-HDSderived mesophase pitch exhibiting globules and rough surface texture.
After three spinning attempts (PS401, PS404, and PS407), only ~30 g of BGCR-PHDS mesophase pitch was left. Poor spinning due to the heterogeneity of the pitch, as well
as the limited remaining supply, led to an attempt to chemically remove the isotropic phase
by solvent refining. Here, approximately ~20 g of material was milled into a fine powder
and dissolved in 250 mL of THF. The concept was to selectively dissolve the isotropic
phase into the THF, leaving the mesophase undissolved. This pitch/THF mixture was
placed on a hot plate set to 40 ºC and mixed for one hour using a magnetic stir bar. It was
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then divided into 8 centrifuge tubes and centrifuged at 300015 rpm for 25 minutes. The
pitch/THF solution was then poured through a pre-dried filter paper placed on a filter
support and filtered using vacuum. The remaining sediment in the centrifuge tube and on
the glass filter was rinsed using THF. The material on the filter was dried overnight and
collected. The resultant pitch mesophase % increased to 100%. Therefore, the solvent
refining procedure was effective. However, the pitch softening point was 411 ºC, rendering
this material not suitable for spinning.

Overall, spinning of BGCR-P-HDS coal liquid-derived mesophase pitches was just
as challenging as spinning BGCR-P coal liquid-derived isotropic pitches. Thus, the only
BGCR-P-HDS-derived mesophase pitch-based green fibers were produced during the first
spin run (PS401), and spinning was only maintained for 2-3 minutes. Despite these fibers
having large diameters, they were subject to oxidation, carbonization, graphitization, and
tensile testing. Although this material was HDS-treated and THF-filtered, these fibers were
also populated with surface defects, shown in Figure 4.11 and Figure 4.12. These defects
were likely due to small particles or gels in the pitch that make it past, or squeeze through,
the 20 𝜇m filter during spinning. Additionally, images of the cross section of these fibers
illustrate a lack of graphitic texture, typically comprised of basal edges of stacked graphene
layers, often with a radial texture, that are the hallmark of graphitized mesophase pitch
fibers. In Figure 4.13 only one section, outlined by the red box, is consistent with graphitic
texture.

15

Radius of rotation for the rotor used during centrifugation was 16.8 cm

108

Figure 4.11. Scanning electron micrograph of BGCR-P-HDS coal liquid-derived
mesophase pitch-based carbon fibers (PS401) after graphitization exhibiting numerous
surface defects.

109

Figure 4.12. Scanning electron micrograph of BGCR-P-HDS coal liquid-derived
mesophase pitch-based carbon fiber (PS401) surface, illustrating a small (<5 µm
diameter) surface defect.
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Figure 4.13. Scanning electron micrograph of BGCR-P-HDS-derived graphitized
mesophase pitch fibers (PS401) with graphene layer outlined by the red box.
Spinning of neat solvent-derived (CR) mesophase pitch was also completed. Since
the BGCR-P-derived fibers had an average diameter of 41.2 𝜇m, the same diameter was
targeted for CR-derived mesophase pitch in order to have comparable tensile properties. In
the first spin run (PS415), the pitch temperature for the spin run was reached much to
slowly, and therefore the window of spinning was too small to collect fiber. During the
second spin run (PS417), this was corrected, and CR-derived green fibers were spun to the
desired diameter. Resultant graphitized fibers had an average diameter of 39.8 𝜇m, and
surface defects likely due to small particles in the pitch, as shown in Figure 4.14. This was
consistent with BGCR-P derived mesophase pitch-based fibers, alluding that particle
contribution may be from the creosote, as well as the coal. Additionally, cross sectional
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images of the fibers did not exhibit the radial texture typically observed in mesophase
pitch-based carbon fibers, as shown in Figure 4.15.

Figure 4.14. Scanning electron micrograph of mesophase pitch-based carbon fibers
(PS417) produced from neat CR-derived isotropic pitch precursor.
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Figure 4.15. Scanning electron micrograph of the cross section of graphitized mesophase
pitch-based carbon fiber (PS417) derived from neat CR.
Average tensile properties for both sets of fibers are presented in Table 4.6. Here,
fibers from the mesophase pitch derived from the neat CR solvent (PS417) and the BGCRP-HDS coal liquid (PS401) are directly compared. The break stress and modulus of these
fibers was significantly lower than values reported in Table 1.1 for high-performance
mesophase pitch-based carbon fibers. However, the CR-derived carbon fiber (PS417)
modulus was significantly greater than the coal liquid-derived counterpart (PS401). The
CR-derived fibers were spun from pitch with 82% mesophase, while the BGCR-P-derived
fibers were spun from mesophase pitch with a heterogeneous distribution of mesophase.
The low modulus (nearly identical to that of the BGCR-P-derived isotropic fibers), and
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scanning electron micrographs suggested that the pitch successfully spun from coal liquidderived material was likely mostly isotropic.

Table 4.6: Reported tensile properties (Stress at Break, Modulus, and Strain at Break) for
(BGCR-P-HDS) coal liquid-derived carbon fibers (N=41) and (CR) creosote-derived
carbon fibers (N=30) produced from mesophase pitch samples.
Stress At
Break (MPa)

Modulus
(GPa)

Strain at Break
(%)

Coal Liquid

251.5 ± 73

24.0 ± 4.4

1.04% ±0.16%

Neat Solvent

140.4 ± 59

164.9 ± 49

0.09% ±0.04%

Starting Material
BGCR-P-HDS
(PS401)
CR
(PS417)

Additionally, carbon fibers were spun from neat DO-derived mesophase pitch
presented in Table 4.1. Due to the high mesophase content (100%) and low softening point
temperature (298 ºC), spinning this material into fibers with small diameters was
comparatively straightforward, and proceeded immensely easier and more stable. Three
different spin runs were conducted and fibers with an average fiber diameter (graphitized)
of 5.8 (PS374), 10.8 (PS387) and 14.7 (PS388) 𝜇m were tensile tested (N=39, 32, and 33,
respectively). Results are presented in Figures 4.16 and 4.17 and demonstrate properties
consistent with high performance mesophase pitch-based carbon fibers. Additionally, the
carbon yield (wt.%) for DO-derived mesophase pitch fibers (from green fibers to
graphitized fibers) is presented in Table 4.7, along with the carbon yield (wt.%) for the
fibers discussed previously in this chapter.

As expected, break stress decreased with increasing diameter, likely due to the
presence of more surface defects for larger diameter fibers. Average fiber modulus seemed
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to be consistent between varying fiber diameters, with overlapping standard deviation
suggesting that slight differences in reported values were negligible. While there was not
a BGDO-P derived mesophase pitch-based carbon fiber to compare the DO-derived fibers
to, these results provided confirmation that neat solvent-derived mesophase pitch fibers
can be produced with small diameters and comparable tensile properties to those listed in
Table 1.1 and literature on mesophase pitch-based carbon fibers [10]. Scanning electron
micrographs of each of these fibers are included in Figure 4.18. Some fibers contained void
defects as seen in Figure 4.18 (c), while other larger fibers exhibited ‘pac-man’ defects as
seen in Figure 4.18 (d).
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Figure 4.16. Break stress for DO-derived mesophase pitch-based carbon fibers of varying
diameters
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Figure 4.17. Compliance-corrected modulus for DO-derived mesophase pitch-based
carbon fibers of varying diameters.
Table 4.7.Carbon yield (wt.%) for each set of carbon fibers produced from isotropic and
mesophase pitch materials.
Material

Mesophase or Isotropic?

Carbon Yield (wt.%)

BGCR-P (I-CR1)

Isotropic

54.4

CR16 (I-CR2)

Isotropic

-

BGCR-P-HDS (PS401)

Mesophase

70.9

CR (PS417)

Mesophase

66.1

BGDO-P (I-CR3)

Isotropic

66.8

DO (PS374, 387, 388)

Mesophase

75.8 ± 2.1

16

During oxidative stabilization, the CR-derived isotropic fibers melted into the Spectracarb sheet they
were placed on, rendering them incapable of being carbonization. Therefore, carbon yield could not be
reported.
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Figure 4.18. DO-derived mesophase pitch-based carbon fibers after graphitization of
varying diameter produced from multiple spin runs. 4.17 (a) from PS374. 4.17 (b) and (c)
from PS387. (d) from PS 388. 4.17 (c) shows fibers with void defects and (d) show fibers
with both void and pac-man defects.
4.4

Conclusion

Due to the many applications of isotropic and mesophase pitch-based fibers,
BGCR-P and BGDO-P-derived isotropic pitches and BGCR-P-HDS-derived mesophase
pitch was melt spun into green fibers. To address the influence of coal, isotropic and
mesophase pitch derived from the baseline-neat solvents (CR and DO) was also melt spun.
Successful spinning of all pitches to a fiber diameter <20 𝜇m, except mesophase pitch
derived from neat DO, was challenging. Many factors, including pitch homogeneity,
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softening point temperature, viscosity, and particles in the pitch, may have contributed to
the difficulty to spin these materials.

Further, visibly bumpy fibers were observed in the SEM for all sets of fibers, except
those produced from neat DO-derived mesophase pitch. Interestingly, isotropic pitch-based
carbon fibers stemming from BGDO-P (I-CR3) exhibited significantly less surface
roughness than isotropic pitch-based carbon fibers stemming from BGCR-P (I-CR1). This
suggested that, for the production of coal liquid-based carbon fibers, the supply of DO used
in these studies may be superior to the supply of CR used in these studies.

Tensile testing could not be completed after carbonization of BGCR-P and CRderived isotropic pitch-based carbon fibers, as these fibers fused during oxidative
stabilization due to the low softening point of these materials. However, high softening
point isotropic pitch-based carbon fibers stemming from BGDO-P (I-CR3) were
successfully tensile tested. Although the tensile strength was low (compared to A500derived isotropic pitch-based carbon fibers), these isotropic pitch-based carbon fibers could
be valuable as a precursor for many products, such as heat insulation, reinforcement for
thermoplastic, or thermosetting resin compounds.

The BGCR-P-HDS-derived mesophase pitch (M114) with a low softening point
(299 ºC) and heterogenous mesophase distribution (10-80%) was spun for a less than two
minutes during the first attempted spin (PS401). Tensile properties and scanning electron
micrographs of these fibers were consistent with isotropic pitch-based carbon fibers.
Additionally, fibers produced were bumpy and exhibited surface roughness, consistent
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with particles smaller than 5 𝜇m in diameter. Comparatively, mesophase pitch-based
carbon fibers (from PS417) with similar fiber diameter (39.2 𝜇m) were produced from CRderived mesophase pitch (M120). Surface defects of similar size were also present in
carbon fibers produced from CR-derived mesophase pitch (M120). However, CR-derived
mesophase pitch-based fibers (PS417) exhibited a slightly higher modulus, more consistent
with mesophase fibers, but still significantly lower than values reported in literature. Both
sets of fibers exhibited low break stress, likely due to non-graphitic particles in the fibers.
This further suggested that the supply of CR used in these studies may be contributing to
the poor quality of the resultant fibers.

DO-derived mesophase pitch (M92) was also melt spun and subject to further
thermal treatment to produce graphitized fibers (PS374, PS 387, PS388) with small
diameters (5.8, 10.8, 14.7 𝜇m). Some fibers had voids and pac-man defects, but overall,
these fibers had high modulus (669-783 GPa) and good tensile strength (1066-1635 MPa).
This confirmed that mesophase pitch could successfully be produced and used as a
precursor for graphitized carbon fibers—with properties comparable to literature—using
the processes discussed throughout Chapter 2 and 3.

Overall, successfully spinning pitch-based fibers derived from coal liquids was
more challenging than spinning pitch-based fibers derived from neat solvents. However,
without mesophase pitch-based fibers stemming from BGDO-P, it was difficult to
determine if the poor carbon fiber quality was a direct result of coal or the CR supply used,
as CR-derived mesophase pitch-based carbon fibers (PS417) had poor tensile strength
(140.1 MPa) and modulus (164.9 GPa) compared to the tensile strength (1029.9-1629.8
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MPa) and modulus (693.9-765.8 GPa) of DO-derived mesophase pitch-based carbon fibers
(PS374, PS387, PS388).

4.4.1

Future Work

Tensile properties of BGCR-P-HDS-derived “mesophase” pitch-based carbon
fibers (from PS401) were not directly comparable to CR-derived mesophase pitch-based
fibers (from PS417), due to the low modulus and lack of graphitic texture observed in
scanning electron micrographs suggesting the fibers may have been spun from an isotropic
region (contained within the mesophase pitch sample). However, since these properties
were representative of isotropic pitch, these results do provide a proxy for isotropic pitch
fibers that could be produced from coal liquids and for application in insulation and
activated carbon fibers. Further research could be conducted to produce isotropic pitch with
a high softening point temperature (>250 ºC) derived from BGCR-P. This would allow for
a more representative comparison to be made between BGCR-P-derived fibers, and the
isotropic pitch-based carbon fibers (I-CR3) derived from BGDO-P to clarify if the solvent
contributed to the poor performance of the fibers.

Additionally, subjecting BGDO-P coal liquids to HDS treatment and THF filtration
to produce mesophase pitch may provide a better understanding of what influence coal has
on mesophase pitch-based carbon fiber properties, since ‘baseline’ DO-derived mesophase
pitch-based carbon fibers were already tensile tested and had high tensile properties. This
could also provide clarification about the viability of CR as a solvent for coal liquid-based
mesophase pitch.
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CHAPTER 5. CONCLUSIONS
A variety of applications for isotropic and mesophase pitch-based carbon fibers was
presented in the beginning of this thesis. However, high demand for coal tar pitch for
electrodes in primary metals smelting, declines in coal tar pitch production, and
environmental policy pressures, have led to concerns about pitch availability for high value
carbon products, such as carbon fibers. Development of pitch from coal liquids could
provide a suitable alternative pitch supply for products such as activated carbon fiber
(ACF), carbon foams, general-purpose carbon fibers, and potentially high-performance
carbon fibers. Previous studies that presented successful use of coal extract liquid for
mesophase pitch-based carbon fibers was limited. In such instances, expensive pure
chemicals such as NMP and tetralin were used to solvate coal.

In this thesis, a process for producing pitch (isotropic and mesophase) from coal
extract liquids using heavy aromatic solvents (decant oil and creosote) was described.
Moreover, many of the resulting pitches were melt spun into fiber, and thermally converted
to pitch-based carbon fibers. This study outlined the motivation behind using coal extract
liquids for pitch production and included a detailed review of literature relevant to pitch
production, coal liquefaction, and carbon fiber processing. Two central questions guided
the research conducted in this thesis. First, how do carbon fibers stemming from coal
extract liquids compare to carbon fibers stemming from the neat solvents (from which the
coal liquids are produced)? And second, does the utilization of coal liquids as a precursor
for carbon fiber provide any clear benefits relative to incumbent pitch precursors?
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It was initially hypothesized that mesophase pitch produced from coal liquids
would have a greater mass yield than mesophase pitch produced from heavy aromatic
solvents alone, and the resultant carbon fiber would have similar tensile properties. Initial
results suggested that the mass yield to isotropic pitch for BGDO-P and BGCR-P coal
liquids were four and nine times greater than mass yields for the neat solvents alone,
respectively.

While this result was in line with the initial hypothesis, thermal treatment of the
coal liquid-derived isotropic pitch revealed that mesophase did not form from this material.
However, mesophase was successfully produced from both neat solvents (DO and CR) and
digested solvents (DO-P and CR-P) without coal. If the objective of this thesis was to
produce only isotropic pitch fibers, the high mass yield (greater than 60% for both BGDOP and BGCR-P) of coal liquid to isotropic pitch could be considered a significant success.
In fact, the coal liquid-derived isotropic pitch fibers produced during this study could be
valuable for many of the applications previously discussed, including insulation and
activated carbon fibers.

In trying to fully test the hypothesis, additional processing conditions (including
HDS-treatment and THF filtration) were established to produce mesophase pitch from
BGCR-P coal liquids. While these additional steps had a negative consequence on mass
yield to isotropic pitch, a five-fold increase in mass yield was still observed for the HDStreated (and THF-filtered) BGCR-P-HDS coal liquid compared to the neat solvent CR.
Further, a four-fold increase was observed for the overall yield of BGCR-P-HDS coal
liquid to mesophase pitch (M114) when compared to the neat solvent-derived mesophase
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pitch (M120). Table 5.1 includes the mass yield (wt.%) from coal liquid and neat solvents
to carbon fibers. An obvious advantage in mass yield was provided when utilizing coal
liquids as a mesophase pitch precursor for pitch-based carbon fibers.

Table 5.1. Mass yield (wt.%) from coal liquids and neat solvents to carbon fibers and
mass yield (wt.%) for each of the main processing steps.
Material
BGCR-P
(I-CR1)
CR17
(I-CR2)
BGCR-PHDS
(PS401)
CR (PS417)
BGDO-P
(I-CR3)
DO
(PS374, 387,
388)

Isotropic
Pitch Yield
(wt.%)

Mesophase
Pitch Yield
(wt.%)

Carbon Yield
(wt.%)

Liquid to Carbon
Fiber Yield (wt.%)

62.2

-

54.4

33.8

4.0

-

-

-

20.5

71.3

70.9

10.4

4.0

53.7

66.1

1.42

40.5

-

66.8

27.1

14.3

40.3

75.8 ± 2.1

4.37± 0.12

The question that remained then, was how do the resultant carbon fibers produced
from neat solvents compare? This question became increasingly difficult to answer, as
mesophase quality, or ‘spinnability’, was so crucial to spinning stability, and subsequently
fiber quality and properties. Many attempts were made to produce high quality mesophase
pitch (with an OTI>20, Tsp<300 °C) from coal liquid-derived isotropic pitch, and thermal
treatment conditions were adjusted to account for issues that were not clear at the onset.

17

During oxidative stabilization, the CR-derived isotropic fibers melted into the Spectracarb sheet they
were placed on, rendering them incapable of being carbonization. Therefore, overall yield could not be
reported.
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For instance, at a thermal treatment temperature of 410 ºC, the window for achieving high
mesophase (>70%) with a spinnable softening point temperature (<300 ºC) was extremely
small for coal liquid-derived materials. The resultant pitch was either low mesophase
content and low softening point, or 100% mesophase and high softening point, rendering
the pitch incapable of spinning.

In the one instance (PS401) in which a mesophase pitch was produced from BGCRP-HDS with a lower softening point (299 ºC), mesophase pitch was heterogeneously
dispersed throughout the sample, with large isotropic regions. As a result, the carbon fibers
successfully spun from this material was hypothesized to be comprised of a largely
isotropic region, based on tensile results. Further, a thermal treatment temperature of 390
ºC was attempted to extend the window for high quality mesophase pitch production.
Despite nearly twice as much time compared to the 410 ºC treatment temperature, this
material exhibited little to no mesophase formation and relatively high softening point (338
ºC).

Converting neat solvent-derived isotropic pitch to mesophase pitch was less
troublesome. DO-derived isotropic pitch was converted to mesophase pitch (M92) with
100% mesophase, an OTI of 30, and a softening point of 298 ºC, the most ideal spinning
qualities. In fact, spinning of this material was very stable, and produced graphitized carbon
fibers with diameters as small as 5.8 𝜇m, with minimal defects, and tensile properties
comparable to reported literature values for high performance mesophase pitch-based
carbon fiber. CR-derived isotropic pitch was also converted to mesophase pitch (M120)
with 82% mesophase and a softening point of 332 ºC with relative ease. However, the CR124

derived mesophase (M117 and M120) exhibited fine and medium-grained mosaics (1-5
𝜇m size), while the DO-derived mesophase (M92) exhibited flow domain mosaics (>30
𝜇m size). CR-derived mesophase (M120) was successfully spun (PS417) to a comparable
fiber size to the BGCR-P-HDS derived fibers (PS401). However, ash content, tensile
results, scanning electron micrographs, and polarized light microscope optical images
alluded that the quality of this material was not a sufficient precursor for high performance
carbon fibers.

Apart from spinning challenges, the benefit of utilizing coal extract liquids for
pitch-based carbon fibers was increased mass yield (wt.%). Even with HDS treatment and
THF filtration, a significant mass advantage was observed for coal liquids compared to
neat solvents. In all, coal extract liquids are a promising alternative/supplement to coal tar
pitch to produce isotropic pitch-based carbon fibers, and with further research, and
spinning development, could be a viable precursor for high performance carbon fibers,
activated carbon fibers, and a host of other carbon artifacts.

5.1

Future Work

Many lessons could be learned from this work. First, investigation into using coal
liquids for carbon fiber production should be entered into with caution. The challenges that
arose and were discussed in this thesis, including proper filtration, mesophase quality
(based on OTI), and spinning, were complex and some, such as mesophase quality, were
not easily resolvable. For example, it was not well understood why the CR-derived
mesophase (M117 and M120) and carbon fiber (PS417) tensile properties were so low. The
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vast difference in quality of DO-derived mesophase pitch-based fibers and CR-derived
mesophase pitch-based fibers led to suspicion of the viability of CR, or of this specific
supply, in making a coal liquid precursor for mesophase-pitch based carbon fibers. Likely,
future work should focus on utilizing a solvent that exhibits mesophase formation with
flow domain mosaics (>30 𝜇m size), stable spinning, and industry standard carbon fiber
properties, such as the DO solvent.

Another challenge that became apparent during this study was filtration of the coal
liquid. Particulate matter could distinctly be observed on all fibers, except for DO-derived
mesophase fibers. The supply of DO used in this thesis was filtered to 200 nm prior to use,
likely influencing the discrepancy between this supply and the CR supply. During melt
spinning of mesophase pitches, a 20 𝜇m filter was utilized to remove particles prior to
extrusion through the spinneret. However, most particles observed in scanning electron
micrographs of both isotropic and mesophase pitch fibers derived from CR, BGCR-P, and
BGDO-P were less than 5 𝜇m and were relatively abundant regardless of the parent
material. This suggested that filtration should be improved in future work if smooth,
particulate free carbon fibers are to be produced.

Finally, the influence of digestion, HDS treatment, and THF filtration on the overall
mass yield for neat solvents should be further considered. Since these additional steps were
not necessary to produce mesophase pitch from the neat solvents, only small, experimental
batches of digested (CR-P) and HDS-treated and THF-filtered (CR-P-HDS) were
produced. Issues with mesophase quality (of the neat CR solvent) may have been resolved
had the initial material been subject to these conditions. Future research could be conducted
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in which the baseline material is taken through each of these additional steps to produce
mesophase pitch-based carbon fibers.

In conclusion, this thesis provides a framework for carbon fiber production from
coal extract liquids using heavy aromatic solvents and makes direct comparison to carbon
fiber production from heavy aromatic solvents alone, which are similar precursors to
incumbent industrial pitch. Further, it provides suggestions for how to improve upon the
work presented here.
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APPENDIX
Student’s T-test

Student’s T-test is a statistical method that can be used to determine how significant
the differences between two sets of data are. First, the pooled standard deviation, or
weighted average of the standard deviation, for the data sets is calculated. This value, along
with the average for each data set and the sample size, is then used to calculate the t-value.
Based on the degrees of freedom (dof), the critical t-value can be determined. For digested
creosote (CR-P) and neat creosote (CR) yields to isotropic pitch, the calculated Spooled value
was 1.49, and the t-value was 2.791 (n1=9 and n2=3). Since dof=10 for these two data sets,
and t >2.764, the difference between these data sets was statistically significant with 98%
confidence.

𝑆"##$%&

𝑠!' (𝑛! − 1) + 𝑠'' (𝑛' − 1)
=B
𝑛! + 𝑛' − 2

𝑡=

|𝑋! − 𝑋' |
𝑛! 𝑛'
B
𝑠"##$%&
𝑛! + 𝑛'

𝑑𝑜𝑓 = (𝑛! + 𝑛' − 2)
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(A.1)

(A.2)

(A.3)

s! = standard deviation of data set 1
s' = standard deviation of data set 2
n! = sample size of data set 1
n' = sample size of data set 2
X! = mean of data set 1
X' = mean of data set 2
s())*+, = pooled standard deviation of data set 1 and 2
t = calculated t-value
dof = degrees of freedom
Table 5.2. Student's critical t-values for varying degrees of freedom (dof) and confidence
levels.
Confidence Level

90%

95%

98%

99%

dof=1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

6.314
2.920
2.353
2.132
2.015
1.943
1.895
1.860
1.833
1.812
1.796
1.782
1.771
1.761
1.753
1.746
1.740
1.734
1.720

12.706
4.303
3.182
2.776
2.571
2.447
2.365
2.306
2.262
2.228
2.201
2.179
2.160
2.145
2.131
2.120
2.110
2.101
2.093

31.821
6.965
4.541
3.737
3.365
3.143
2.998
2.896
2.821
2.764
2.718
2.681
2.650
2.624
2.602
2.582
2.567
2.552
2.539

63.657
9.925
5.841
4.604
4.032
3.707
3.499
3.355
3.250
3.169
3.106
3.055
3.012
2.977
2.947
2.921
2.898
2.878
2.861

20

1.725

2.086

2.528

2.845
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System Compliance

The apparent modulus of the carbon fibers, as calculated by the instrument
software, needed to be corrected for contributions by the system (load cell, epoxy, etc.) that
were on the same magnitude of the fiber. To correct for these contributions, the system
compliance (Cs) as calculated as the extrapolated y-intercept of the average apparent
compliance (Ca) plotted against the gauge length (l0) of the fibers. Once system compliance
was calculated, the corrected modulus (Ec) could be calculated.

𝐶 = 𝐶- − 𝐶.

(A.4)

𝐶- =

𝑙/
𝐸- ∙ 𝐴

(A.5)

𝐸0 =

𝑙/
𝐶∙𝐴

(A.6)

C = corrected compliance
C1 = apparent compliance
C2 = system compliance
l/ = fiber gauge length
E1 = apparent modulus
A = cross − sectional fiber diameter
E3 = corrected modulus
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